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Abstract 
Large volume flood volcanism occurred across north, western and central Australia during the early-
mid Cambrian (~510Ma) and is interpreted to have had a pre-erosive volume exceeding 0.5 million km3 
and an areal extent over 2.5 million km2. This event generated the Kalkarindji Continental Flood Basalt 
Province (CFBP) and corresponded with the global Frasnian-Famenian extinction event. 
Mapping of the Newry area, near the northern margin of the province at Northern Territory-West 
Australian border approximately 200km south of the North Australian coastline has defined nine lava 
units. Chemically, all flows are low Ti tholeiites with a strong crustal contamination signature. Although 
extremely chemically similar, two geochemical groups (<1.2 and >1.38 TiO2 wt%) can be defined within 
a detailed map area covering ~30km2. These two groups are observed over a much larger study area. 
Definition of individual units was found to be achievable only by conducting detailed mapping with 
regular stratigraphic sections. Broader correlation was not possible, and the use of geochemistry proved 
ineffectual due to the overall chemical homogeneity of lavas. 
The two TiO2 groups likely represent eruptions from two distinct plumbing systems that have 
undergone slightly different chemical evolutions during their migration through the mid and upper 
crust. Both groups however appear to show no variation in source constituents and have experienced a 
similar lower crustal AFC event. Both chemical groups are seen in several different lava morphologies 
indicating no relationship between lava type and chemical groups. 
Previously identified volcanic agglomerates in the Kalkarindji CFBP that were interpreted to be the 
product of near vent eruptive processes are re-interpreted here as representing the flow tops of rubbly 
top pahoehoe lava flows. These flows, consistent with rubbly top pahoehoe in the Deccan traps show 
features that indicate a different eruptive style to simple sheet pahoehoe flows, with a style that appears 
less passive, indicating more pulsed eruption and potentially higher eruptive rates. The Kalkarindji CFBP 
contains a higher proportion of rubbly top pahoehoe lavas than other provinces based on observations in 
both this and from regional studies. This high proportion of rubbly top pahoehoe lavas combined with 
the interpretation that they erupt less passively than simple sheet pahoehoe flows implies that lava 
eruption in the Kalkarindji CFBP likely occurred at greater effusion rates than in other CFBPs. 
The stratigraphy in the study area is similar to the mid and upper portions of other CFBPs, with thick 
subaerial sheet lavas stacked on top of one another, with only one unit of compound lavas observed. 
Combined with regional observations it appears the Kalkarindji province shares a similar stratigraphic 
architecture to other better studied CFBPs. 
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1. Introduction 
Continental Flood Basalt Provinces (CFBPs) are a type of Large Igneous Province that occur as 
extensive outpourings of predominantly mafic lava covering massive expanses of continent 
(>100,000 km2) (Bryan and Ernst, 2008; Bryan et al., 2002; Bryan et al., 2010; Coffin and Eldholm, 1994; 
Ernst and Buchan, 2001; Ernst et al., 2005; Saunders et al., 1992). They form thick piles of volcanic 
material (>2 km) with the majority of the province generally erupted over a relatively short time span 
(~2-3 Ma). 
Continental Flood Basalt Province volcanism often shows a consistent evolution between provinces 
with earlier lavas less chemically evolved, of lower volume and often interbedded with active 
sedimentary systems that may have co-existed with the initiation of the volcanic province. The main 
stage of the provinces evolution involves significantly larger events, erupted at greater rates and often 
with little to no sedimentary systems active between flows. The latter stage of the provinces evolution is 
punctuated by greater time breaks between major flows, and progressively smaller erupted volumes 
(Jerram and Widdowson, 2005). 
 The main phase of continental flood basalt volcanism is typified by large volume basaltic lava flows 
that occur, based on calculations for the Grande Ronde lavas of the Columbia River Province, roughly 
on a periodacy of ~4000 years (Barry et al., 2010). These large volume effusive events are several orders 
of magnitudes larger than any single basaltic volcanic eruption observed in any currently active volcanic 
setting (Bryan et al., 2010; Self et al., 1997). These large basaltic eruptions give rise to both lava 
morphologies that are directly comparable to those from active volcanic settings such as Hawaii and 
Iceland and also distinctly different lava morphologies that reflect larger volumes and greater effusion 
rates (Jerram and Widdowson, 2005; Keszthelyi and Self, 1997; Self et al., 1997). With no modern 
equivalent to the large volume lava flows of CFBPs, appreciation of the effusion rate and eruption style 
must be inferred from preserved lava flows and their associated features.  
The main phase of CFBP volcanism constitutes tholeiitic basalts that have undergone significant 
fractional crystallisation and assimilation in a series of magma chambers at different depths from the 
crust-mantle boundary to the upper crust (Bryan et al., 2010; Ewart et al., 2004; Peate and 
Hawkesworth, 1996). Such magma chambers feed large fissure style volcanic events which are required 
for the extremely large volume of erupted material. Within CFBPs volcanism may occur over several 
fissure systems that are tapping into one or more magma chambers (Bryan and Ernst, 2008; Bryan et al., 
2010). 
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I present a volcanological, petrological and geochemical analysis from a well preserved stratigraphic 
sequence from the Cambrian Kalkarindji CFBP in Northern Australia. Because of the preservation of 
multiple lava flow types this sequence allows a reconstruction of the eruptive processes associated with a 
fragmented ancient CFBP. 
 
1.1. Regional Background 
The Kalkarindji CFBP covers an area of approximately 2.1 x 106 km2 in central and northern Australia, 
with a minimum pre-erosive volume of 0.5 x 106 km3 (Glass, 2002; Glass and Phillips, 2006). It is 
believed to be responsible for the Early-Mid Cambrian mass extinction event (Erba et al., 2004; Glass, 
2002). It is represented today as several scattered basalt outcrops and dolerite dykes outcropping across 
northern, western and central Australia. These outcrops have been linked based on their homogenous 
chemical signature and similar age dating results (Glass, 2002). The hypothesized centre of the province 
is in the Antrim Plateau Volcanics, immediately proximal to the Halls Creek Mobile Zone (HCMZ) 
where the province is thickest (~900-1500m) (Glass, 2002; Mory and Beere, 1988) 
The majority of the province is either concealed or eroded away but many smaller portions of the 
province remain relatively undisturbed. In the north and east, the province, represented by the Antrim 
Plateau Volcanics (APV) and other smaller scattered outcrops, remains largely undisturbed, dipping 
gently to the east and west as part of a very gentle anticline (Bultitude, 1971; Bultitude, 1972; Glass, 
2002; Sweet et al., 1974) (Figure 1.1). To the west, in and proximal to the HCMZ the APV are 
moderately folded under the Ord Basin and heavily faulted within the HCMZ. The HCMZ is a long-
lived lithosphere-cutting fault zone that experienced significant movement (mainly sinistral) 
intermittently between 1800 and 400 Ma (Dow and Gemuts, 1969; Mory and Beere, 1988; Mory and 
Dunn, 1990). Further west, the Kimberly block is thought to have been significantly uplifted resulting in 
the erosion of the province there (Glass, 2002; Hanley and Wingate, 2000). The Table Hill Volcanics 
(THV) in the south, shallowly dip underneath the central Australian sedimentary basins (Walter and 
Veevers, 1997). It is thought the province represents basement to many of these basins. 
Much of the province has been linked through age dating of its different components with a date 
between 505-510Ma considered most representative for the province as a whole (Glass, 2002; Glass and 
Phillips, 2006). Age dating techniques consist of Rb-Sr results yielding 575±40Ma (Veevers, 2000; Walter 
and Veevers, 1997), K-Ar whole rock ages of 500±14Ma for the Table Hill Volcanics (Evins et al., 2009) 
and high precision Ar/Ar analyses of plagioclase feldspar from basalt flows yielding 508±2Ma for the 
Antrim Plateau Volcanics as well as smaller eastern correlatives including the Helens Springs,  Peaker 
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Pike and Colless Volanics (Evins et al., 2009; Glass, 2002; Glass and Phillips, 2006; Hanley and Wingate, 
2000; Veevers, 2000). SHRIMP zircon dating on the Milliwindi dyke in the King Leopold Mobile Zone 
in Western Australia has also yielded a date of 513±12Ma (Hanley and Wingate, 2000) and SHRIMP 
dating of other regional dolerite dykes including the Boondawarri has yielded dates of 508±2Ma 
correlating closely with the extrusive components of the province (Evins, 2005; Evins et al., 2009) 
Geochemical analysis of the Kalkarindji CFBP is limited to samples collected as part of regional studies 
(Bultitude, 1976; Evins et al., 2009; Glass, 2002; Glass and Phillips, 2006). All samples taken to date are 
extremely homogenous with all lavas being low-Ti Tholeiites and all having unusually elevated 
incompatible element signatures, with elevated La/Sm and Nb/Th indicative of a significant crustal 
contribution to the source magmas. Magnesium contents vary between 3 and 9% without any significant 
change in incompatible element ratios indicating all lavas have undergone a large scale crustal 
contamination event at depth before migrating and undergoing varying degrees of fractional 
crystallisation upon ascent (Evins et al., 2009; Glass, 2002). Identification of chemical suites is limited to 
a group of lavas near the base of the stratigraphic transect at the northern margin of the Ord Basin, that 
have significantly higher Cr than other lavas seen stratigraphically above them (>360 vs <150) (Evins et 
al., 2009). The lack of high-Ti and picritic magma types, common in other CFBP is hypothesized to be a 
result of either their burial under central Australian sedimentary basins or their rifting off the continent 
(Glass, 2002; Li et al., 2008; Metcalfe, 2013). 
The volcanology and stratigraphy of the Kalkarindji CFBP is limited to regional studies conducted by 
the Bureau of Mineral Resources and Geological Society of Western Australia (Bultitude, 1971; 
Bultitude, 1972; Bultitude, 1976; Mory, 1990a; Mory, 1990b; Mory, 1990c; Mory and Beere, 1988; Mory 
and Dunn, 1990; Sweet et al., 1974). These studies identified the lower and upper boundaries of the 
province as well as defining several sedimentary units interbedded with the volcanics near the base of 
the province succession in the HCMZ. Regional mapping and drillhole logging (Bultitude, 1971; 
Bultitude, 1972; Bultitude, 1976; Sweet et al., 1974) also identified  occasional thin interbedded 
sandstones, and a named member (the Blackfella Rockhole member) which was described as comprising 
numerous volcanic breccias intercalated with thin basalt flows. These breccias were also noted in 
relatively high abundances around the majority of the province, often with underlying massive basalt 
flows. They are interpreted, at least for the Blackfella Rockhole member to be a product of near vent 
explosive volcanism (Bultitude, 1976; Evins, 2005; Sweet et al., 1974).  
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Figure 1.1: Simplified geological map of the Ord Basin, HCMZ and their surrounding units. The 
study area is outlined by the red rectangle and the map area by the black rectangle. 
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1.2. Aims 
Arising from the gaps in knowledge identified for the Kalkarindji CFBP in terms of volcanology, 
stratigraphy and chemostratigraphy, the primary aims of this study are to:  
 Generate a detailed chemostratigraphic framework for a well exposed section of the Antrim 
Plateau Volcanics, the main outcropping component of the Kalkarindji Continental Flood 
Basalt Province; 
 Investigate the volcanological characteristics of the thick agglomerate units and interbedded 
lavas to test previous interpretations of a significant explosive eruptive style during 
emplacement of the Kalkarindji CFBP; 
 Use the flood basalt chemostratigraphy and architecture to provide information as a basis for 
relating Antrim Plateau Volcanics to a particular phase of CFBP evolution; 
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2. Approach and Methodology 
2.1. Approach and Location 
The three aims stipulated in the previous section were addressed via the implementation of a thorough 
field campaign and collection of a large amount of samples (215) to provide an extensive petrological and 
geochemical dataset (87 and 83 respectively). This provided the necessary means to identify the different 
lava typesas well as providing a dataset capable of identifying any geochemical variation across the 
region. 
The project area lies within the APV, 50km east of the HCMZ, 90km north east of the Ord Basin, 
nearing the northern extents of the province (Figure 1.2). The Blackfellow Creek Fault (BCF) is the 
primary structure that cuts through the area and represents an oblique normal fault, the northernmost of 
three faults that extend north-eastward off the HCMZ. The project area strata have undergone very 
gentle folding representing a north eastward trending extension of a series of open synclines and 
anticlines extending from the Rosewood sub-basin (Mory, 1990c). Topographically, the area is 
significantly incised, dividing it into a series of plateaus, mesas and buttes that provide good vertical and 
lateral exposure of the province.  
 
2.2. Field Methods 
Field work was undertaken for a total of six weeks during October and November 2010 and July 2011. 
Work included detailed mapping of a 30km2 focus area with 160m of vertical exposure as well as 
completion of stratigraphic traverses over a regional study area of ~2500 km2 and ~290m vertical 
exposure (Figure 1.2, Figure 3.1). A total of 15 sections were completed in the map area and a further 12 
across the regional study area, with most sections completed along creek gullies or ridgelines that 
provided the best outcrop for sample collection and outcrop description. Sections localities were 
somewhat restricted by topography and proximity to roads/tracks. 
The map area was chosen because of the abundance of adjacent buttes that allowed a greater analysis 
of lateral and vertical variation in the volcanic stratigraphy in addition to greater outcrop exposure. 
Nevertheless, within the map area, outcrop was often poor and topography was often very steep and 
rugged making some areas difficult to describe or access. Less than 5 % of the map area was exposed, 
with outcrop limited to steep drainage lines and isolated portions along ridge tops and flanks. 
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Observations included recording of clast size and shapes in flow tops, thorough description of lava 
mineralogy, textures and outcrop architecture. Unit contacts were walked out with contact points 
regularly marked on a Garmin GPS unit in addition to mapping directly onto the 1:50000 Australian 
Topographic map series as a base map. Google Earth Satellite images taken at 1:5000 scale were also used 
to assist in mapping. Samples for geochemical and petrographic analysis were taken across the map area 
at representative outcrops and at semi-regular intervals in stratigraphic sections. Sample locations were 
recorded using the Garmin GPS units. Stratigraphic section logs were later generated using PSICAT 
software. Stratigraphic traverse localities were named after their corresponding Australian Topographic 
series map with multiple traverses within a topographic map named numerically based on their 
Northing relative to the map area (i.e. the northernmost section of Newry map is N1). 
All stratigraphic section logs, outcrop photos and flow top breccia clast measurements are presented in 
Appendix 2. Simplified stratigraphic sections and the geological map are in the results 
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2.3. Sample Preparation 
2.3.1. Petrography 
Polished thin sections were made of 80 of the 198 samples collected from field investigations. Samples 
selected for petrography were those least altered and those thought to be most representative of the 
units encountered. The centre of the units were targeted for sample selection with some additional 
samples also taken near the base and tops to observe internal vertical variation through the unit. Samples 
were described based on their mineralogy and textural features. 
2.3.2. Geochemistry 
Preparation of 85 samples for geochemical analysis was undertaken at the Queensland University of 
Technology sample preparation laboratory at Banyo. Samples selected were those least altered and those 
thought to represent individual flow units based on field and hand specimen observations. Most samples 
selected for analysis were dense, non-vesiculated flow core that had suffered minimal visual alteration. 
Additional samples were taken from lava flow core margins and coarse grained blebs seen in some lavas 
to observe any internal variation. Samples were cleaned, cut and crushed to pea-sized pieces. 
Uncontaminated pieces (those with fresh and uncut surfaces) were then selected and placed in an agate 
mill for several minutes producing approximately 50g of powder per sample. 
Major elements were determined using an ARL 8420+ dual goniometer wavelength dispersive XRF 
spectrometer equipped with a 3 kW rhodium anode end-window X-ray tube, flow proportional and 
scintillation counters-fully collimated, diffracting crystals: AX06 (multilayer), PET (penta-erythrytol), 
Ge111, LiF200, LiF220 at Milton Keynes Open University XRF lab facility, UK, by Dr. Mike Widdowson 
and at Brisbane’s ALS labs XRF facility using a Panalytical PW2640 Magix Fast 4kW Simultaneous 
Wavelength Dispersive X-Ray Spectrometer by ALS staff. 
Trace and rare earth element analysis was conducted by Dr. Balz Kamber of the Laurentian University 
using a Thermo-Fisher X-Series II inductively coupled plasma quadrupole mass spectrometer, ICP-MS 
and by Dr. Alan Greig of Melbourne University using an Agilent 7700 Quadrapole ICPMS coupled to 
deep UV 193nm excimer laser ablation systems. 
Analytical standards were analysed from the different labs and were compared for all elements. Results 
for trace elements As, Mo, Sn and Sb were seen to have standard deviations greater than 2 % and were 
thus not strongly considered during analysis of the geochemical data. Major element chemistries showed 
no significant variation between labs. With the exception of the above listed trace elements, no 
discrimination of the different testing facilities was necessary. 
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2.4. Terminology 
Previously used terminology for flood basalt lavas by other workers was applied to lavas observed in 
this study. Flood basalt lavas, based primarily on detailed studies in the Columbia River CFBP can be 
defined as flow fields, lava flows and flow lobes (Self et al., 1997). Some of these terms will be used 
throughout the results and are described below. 
 Lava flows: represent a single semi-continuous outpouring of lava and are composed of flow 
lobes that sometimes merge together to form a single lava sheet. Lava flows in CFBPs are 
generally observed as single extensive lava sheets (tabular flows), or several stacked and 
overlapping lobes (compound flows) and are briefly described below: 
o Tabular lavas (sheet flows): Thick, laterally extensive lavas with low aspect ratios. They 
form as a result of large volume effusive eruption resulting in the coalescing at the flow 
front of smaller compound flows. As eruption continues the entire sheet is inflated 
resulting in thick extensive sheet flows often over 50m in thickness (Jerram et al., 
1999; Jerram and Widdowson, 2005; Single and Jerram, 2004). 
o Compound lavas: Relatively thin, laterally discontinuous lavas with high aspect ratios. 
These lavas form as a result of low volume effusive eruption in periods of relative 
quiescence in CFBP activity, similar to lavas erupted in modern day shield volcano 
settings seen in Hawaii or Iceland (Self, 1998; Self et al., 1997). Alternatively they may 
form at the flow front of larger sheet lobes as described above.  
 Lava lobes (or flow lobes): describe a lobate package of lava that is surrounded by a chilled 
crust. They range in thickness from tens of centimetres to tens of metres (Self et al., 1997). 
Lava lobes can be further divided in terms of their internal architecture into a flow top, flow 
core and flow base. This tripartite division is consistently seen in all basaltic lavas  (Hon et al., 
1994; Hon et al., 1995; Keszthelyi and Self, 1997; Keszthelyi et al., 1999; Self, 1998; Self et al., 
1997): 
o Flow Top/Upper Crust: the top portion of a lava flow or lobe. The upper crust is 
defined by a hypohyaline texture and high vesiculation. Flow tops may be either 
vesiculated or brecciated dependent on the type of lava flow (aa vs simple pahoehoe vs 
rubbly top pahoehoe). The upper crust may contain irregular jointing and can be 
highly variable in thickness. 
o Lava core: the central component of a lava sheet or lobe, characterised by a fine to 
medium grain size and high degree of crystallinity (>90%) and very few primary 
vesicles. Jointing tends to be quite regular and flows may contain well developed 
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columnar jointing. Flow cores generally make up between 40 and 60% of a total lava 
flow.  
o Lava base: The lava base is usually a thin (<<10% total flow thickness) hypohyaline 
component at the bottom of the lava flow. A thin glassy selvage may be observed at the 
base of the lava flow as can pipe vesicles. Flow bases may be either brecciated or 
smooth depending on whether the lava flow is pahoehoe or Aa. 
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3. Field Results 
3.1. Map Area Study 
Extensive sampling and detailed mapping of the map area has allowed definition of nine correlatable 
lava units and the identification of a Peperite base to one of these units indicating syn-sedimentary 
eruption (Table 3.1; Figure 3.1)  
Eight of the units are thick laterally extensive tabular lavas that extend well outside the map area. One 
map unit represents several compound flows but was mapped as a single map unit due to its consistent 
position in the stratigraphy. A diagram showing correlations of the different stratigraphic sections is 
shown in Figure 3.2. 
A description of the mapped units and their justification for definition as an individual map unit is 
provided below. Representative photos can be seen in Appendix 2 and in the Lava Type section below. 
Individual lava units in the map area were defined based on their volcanology, notably the termination 
of flow tops proceeded by a flow core. Thick agglomerate units were observed above three massive flow 
cores. These agglomerates were investigated thoroughly to provide data on their genesis. Geochemical 
data was later used to validate these defined units. A thorough description of the units encountered in 
each of the stratigraphic traverses in Appendix 2 with a synopsis for each unit provided here: 
 
Unit A  
Unit A is a partly exposed orange-brown, melanocratic, medium to coarse grained lava. Only the flow 
top outcrops well, with the flow core seen only in rare and sporadic outcrop and float. The unit is 
coherent throughout with grain size in the flow core fining towards the flow top. The flow top is 
coherent, heavily vesiculated and hypohyaline. Vesicles are well rounded and between 5 and 10mm in 
diameter.   
 
Unit B 
Unit B is an orange-brown, melanocratic, fine grained, aphyric lava. The unit is semi-coherent 
comprised of a massive flow core and an autobrecciated agglomerate containing massive hypohyaline 
and vesiculated hypohyaline clasts of variable size. The basal contact of the unit is recessive over several 
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metres between Unit A and B with only Unit B flow core float seen in the gap between the last outcrop 
of the Unit A flow top and first outcrop of Unit B flow core. 
The agglomeritic top of the flow contains clasts that are sub-equant to sub-angular and may be up to 
21cm in length, although the majority cluster around 5.5x4.5cm (Table 3.2). Clasts do not show any 
evidence of compaction flattening or welding. Clasts are usually heavily vesiculated with vesicles usually 
heavily deformed and highly variable in size (although most are small <3mm). Subordinate amounts of 
glassy, microcrystalline clasts are also observed. The agglomerate may rarely contain thin (<3m) laterally 
restricted (<50m length) pods/squeeze outs of microcrystalline lava. The agglomerate material has a 
consistent thickness above the flow core and parallels the flow core surface.  
The massive flow core has a sharp contact with the agglomerate but shows a decrease in grain size near 
its top, as well as an increase in vesicle content and the observation of what appears to be recycled 
agglomerate clasts in the upper most component on the flow core. The flow core generally exhibits 
poorly developed hackly columnar joints and small very coarse grained blebs or veinlets comprised of 
pyroxenes, amphiboles and plagioclase.  These coarse grained blebs are small discordant features with a 
significantly coarser grain size than the Unit B groundmass. 
 
Unit C 
Unit C is an orange-brown, melanocratic, fine grained, aphyric lava. The unit is semi-coherent 
comprised of a massive flow core and an autobrecciated agglomerate containing massive hypohyaline 
and vesiculated hypohyaline clasts of variable size. The basal contact of the unit is recessive over several 
metres between Unit B and C with only Unit C flow core float seen in the gap between the last outcrop 
of the Unit B flow top and first outcrop of Unit C flow core. 
The volcanic agglomerate top of the flow contains clasts that are sub-equant and sub-angular in nature 
and may be up to 29cm in length, although the majority cluster around 5.9x4.9cm (Table 3.2). Clasts are 
unwelded and show no evidence of compaction flattening. Clasts are usually heavily vesiculated with 
vesicles variably sized (although most are <3mm) and heavily deformed. Subordinate amounts of 
microcrystalline glassy clasts are also observed. The agglomerate material has a consistent thickness 
above the flow core and parallels the flow core surface.  
The massive flow core has a sharp contact with the overlying agglomerate although does display a 
decrease in grain size near its top as well as an increase in vesicle content and the observation of what 
appears to be recycled agglomerate clasts in the upper most component on the flow core. The flow core 
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generally exhibits poorly developed hackly columnar joints and small very coarse grained blebs or 
veinlets comprised of pyroxenes, amphiboles and plagioclase. These coarse grained blebs are small 
discordant features with a significantly coarser grain size than the Unit C groundmass. 
 
Unit D 
Unit D is a poorly exposed orange-brown, melanocratic, medium to coarse grained lava covering a 
small area in the south western portion of the map area. The flow top of Unit D is not observed, with 
instead only finer grained flow core with slightly more vesicles observed in float. It may be either 
obscured or eroded shortly after eruption. The flow core is poorly exposed with only rare outcrop and 
most of the unit seen only in float. The contact of this unit with Unit C is not seen and is inferred based 
on the cessation of the underlying Unit C agglomerate material several metres below the first Unit D 
outcrop. Because Unit D only occurs in such a small area and all samples collected were moderately to 
heavily weathered, this unit was not further investigated. 
 
Unit E 
Unit E is represented by a variably well exposed, thin, orange-brown, melanocratic, medium to coarse 
grained, compound lava lobes measuring between 3 and 18m that bank up upon one another. Most of 
these lobes have thin vesiculated flow tops. All of the flow cores of this unit are characterised by curved 
jointing. Individual flow lobes are not correlatable over distances greater than 100m. Unit E is generally 
seen only as isolated in situ metre to decimetre scale outcrops and is consistently seen overlying Units B 
and C and underneath units F, G and H. 
 
Unit F 
Unit F is a poorly exposed orange-brown, melanocratic, medium to coarse grained lava observed in the 
west of the map area. The flow top of Unit F is not observed, although the top of its exposure is fining in 
grain size and increasing in vesicle content and the overlying flow (Unit H) outcrops only two metres 
above it, indicating either no flow top developed, or, the flow top was eroded shortly after eruption. The 
flow core is well exposed with large exposures displaying weakly developed columnar joints. The contact 
of this unit with Unit E is inferred due to a lack of outcrop over several metres between the last piece of 
float of Unit E and the first Unit F outcrop. Because of the limited lateral extent of this unit within the 
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map area, it was deemed unnecessary at the time of to send its samples off for geochemical and thin 
section analysis. 
 
Unit G 
Unit G is a grey orange brown, melanocratic, medium to coarse grained lava outcropping in the north 
west of the map area. Both the flow core and top can be seen clearly in outcrop as a single coherent unit. 
The contact with Unit E can be defined to within 2m with outcropping Unit G flow core observed 
almost immediately above the last observed outcrop of Unit E. The flow top is hypohyaline and heavily 
vesiculated with well rounded vesicles (~7mm). Unit G is overlain but Unit I. 
 
Unit H 
Unit H is an orange brown, melanocratic, medium to coarse grained plagioclase-phyric coherent lava. 
The flow core contains platy horizontal cooling joints in its central parts all the way down to the flow 
base. These platy cooling joints are more rectangular in shape at the flow base and become more swaley 
up section. The flow top is thin (~10-20% total flow thickness) and moderately vesiculated (15%) with 
very large vesicles (~60mm) and tailed. Unit H outcrops very well and its contact with the underlying 
Unit E and F lavas is inferred based on its first outcrop observed approximately a metre above the last 
float of Units E and F. 
 
Unit I 
Unit I is an orange-brown, melanocratic, very fine to fine grained, aphyric lava. The unit is semi-
coherent comprised of a massive flow core and an autobrecciated agglomerate containing massive 
hypohyaline and vesiculated hypohyaline clasts of variable size. The base of Unit I is easily observed in 
the field and displays a peperite texture. As much as 8m of the base of the flow may be Peperite with 
microcrystalline lava clasts seen amongst a matrix of quartz rich wacke. In some places the matrix is 
almost pure quartzarenite. Microcrystalline lava clasts consistently show chilled margins. 
The volcanic agglomerate top of the flow contains clasts that are sub-equant and sub-angular in nature 
and may be up to 23cm in length, although the majority cluster around 5.5x4.4cm (Table 3.2). Clasts are 
unwelded and show no evidence of compaction flattening. Clasts are usually heavily vesiculated with 
vesicles usually heavily deformed and being variable in size (although most are <3mm). Subordinate 
amounts of glassy, microcrystalline clasts are also observed.  The agglomerate may occasionally contain 
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thin (<2m) laterally restricted (<50m length) pods/squeeze outs of microcrystalline lava. The agglomerate 
material has a consistent thickness above the flow core and parallels the flow core surface.  
The massive flow core shows a sharp contact with the overlying agglomerate but does display a 
decrease in grain size near its top as well as an increase in vesicle content and the observation of what 
appears to be recycled agglomerate clasts in the upper most component on the flow core. The flow core 
generally exhibits poorly developed hackly columnar joints and small very coarse grained blebs or 
veinlets comprised of pyroxenes, amphiboles and plagioclase. These coarse grained blebs are small 
discordant features with a significantly coarser grain size than the Unit I groundmass. 
 
Unit J 
Unit J is a thick layer of volcaniclastic material (12m+) composed of quartzarenite and chilled 
microcrystalline and vesiculated lava clasts. It most likely represents the peperite base of a now eroded 
lava flow overlying Unit I. 
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Figure 3.1: Geological Map of South Newry 
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Figure 3.2: Map area stratigraphic sections with tie lines 
Coarse grained blebs 
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Figure 3.3: Study area stratigraphic sections 
Coarse grained blebs 
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Table 3.1: Map Unit Summary Characteristics 
 
 
 
Map Area 
Unit  Avg Thickness Max Thickness Crust Type 
(After Self et 
al, 1997) 
Elevation 
Range 
(m ASL) 
Minimum 
correlatable outcrop 
extent (km2) 
Flow Core 
Grain Size 
Features 
Crust Core Crust Core 
A N/A N/A 5 10+ Simple 178-193 0.02 Medium     
B 11 12+ 20 15+ Brecciated 186-218 22 Fine Columnar jointing, pegmatitic blebs, 
recycled clasts 
C 13 35 22 20+ Brecciated 182-246 14 Fine Columnar jointing, pegmatitic blebs, 
recycled clasts 
D N/A 25+ N/A 25+ Unknown 246-274 0.2 Medium-
Coarse 
    
E N/A 41 N/A 58 Simple 203-278 3.5 Medium-
Coarse 
Rounded inflation jointing 
F N/A N/A N/A 35+ Simple 228-263 0.9 Medium-
Coarse 
Columnar jointing 
G N/A N/A 10 26 Simple 227-263 2.1 Medium-
Coarse 
    
H 2.5 13 4 20 Simple 237-288 23 Medium-
Coarse 
Sub-porphyrytic, platy jointing, tailed 
vesicles 
I 19 47 26 55 Brecciated 261-318 27 Fine Columnar jointing, pegmatitic blebs, 
recycled clasts 
J N/A N/A N/A 12+ N/A 312-326 6 N/A Peperite    
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Table 3.2: Measurements of agglomerate clasts 
Map Area Units 
Unit/ Section Clast Size (cm)                                     Mean Median Mode SD 
Unit B, N7  
Length 4.6 5.1 2.2 8.4 2.2 3.7 5.1 19.8 5.1 5.4 9.2 3.6 3.7 12.1 3.9 2.5 6.1 4.2 3 6.1 5.8 4.85 5.1 0.04 
Width 4.4 3.9 2 7.1 1.5 3.3 4.3 14.4 3.9 4.9 7.5 3.3 2.7 8.9 3.2 2.1 5.3 4.2 2.7 4.6 4.71 4.05 3.9 0.03 
Unit B, N8  
Length 6.3 7.2 3.2 12.3 6.6 4.5 3.5 5.6 22.5 4.9 3.6 4.3 4.7 4.1 5.6 7.1 6.4 2.5 3 5.2 6.16 5.05 5.6 0.04 
Width 5.7 6.3 2.7 9.1 4.9 4.2 3.1 3.9 16.4 4.1 3.2 3.9 4.2 3.3 5.1 6.4 6.3 2.3 2.2 4.1 5.07 4.15 6.3 0.03 
Unit B, N9  
Length 3.1 4.9 6.9 5.5 3.3 4.8 4.2 8.3 4.5 2.1 12.8 4.6 5.4 4.5 6.8 4.2 5.9 3.3 4.8 5.1 5.25 4.8 3.3 0.02 
Width 2.4 3.9 5.1 4.8 3 4.2 3.5 7 3.5 2.1 5.6 3.5 5.2 4.2 5.4 3.5 4.6 2.7 3.8 4.3 4.12 4.05 3.5 0.01 
Unit B, N15  
Length 3.5 21.1 2.7 6.9 7 1.8 4.9 5.4 3.8 2.6 6.8 4.4 5 3.5 4.7 8 3.6 4.5 4.4 5 5.48 4.6 3.5 0.04 
Width 3.2 12.1 2.3 5.1 6.2 1.8 3.5 4.3 3.1 1.9 5.4 3.3 4.2 3.1 3.9 6.6 2.1 3.2 4 4.2 4.18 3.7 3.2 0.02 
Unit B, N16  
Length 6.6 7.9 5 2.2 3 2.9 15.1 4.6 5.4 3.9 3.7 4.2 6.3 5.9 6 5.8 2.5 3.4 2.5 14.8 5.59 4.8 2.5 0.04 
Width 4.9 5.8 4.2 1.9 2.3 2.3 10.1 3.8 4.7 3.3 1.9 2.9 4.8 5.2 5.5 4 1.9 2.3 2.1 7.7 4.08 3.9 1.9 0.02 
Unit B Mean Length 5.7 Width 4.4                                           
Unit C, N2 
Length 6.2 1.7 3.7 22.1 4.2 13.3 3.8 9 1.7 3.2 5.8 11.5 4.6 3.7 4.5 6 4.1 8.1 6.2 5.4 6.44 5 6.2 0.05 
Width 5.4 1.3 3.5 14.9 3.1 8.9 3.5 8 1.5 2.9 5.4 6.4 4.2 3.3 4.1 5.3 4 7.8 4.2 4.1 5.09 4.15 5.4 0.03 
Unit C, N3  
Length 7.6 6.2 4.1 4.3 5.8 2.2 4.4 10.1 6.3 3.2 5.4 3.1 4.3 7.3 9.3 5.1 3.7 7.2 6.9 8.1 5.73 5.6 4.3 0.02 
Width 3.9 5.8 3.6 4 4.5 2 3.7 8.5 5.9 2.7 4.8 2.5 3.3 5.7 7.8 4.4 3.2 6.1 5.7 6.6 4.74 4.45 5.7 0.02 
Unit C, N5  
Length 29 4.2 5.5 6.1 3.4 6.7 4.9 5 3.2 7.3 2.6 4.8 12.1 3.4 8.9 4.8 3.6 6.5 4.1 3.4 6.48 4.85 3.4 0.06 
Width 24.1 3.5 5 5.3 2.9 6.1 3.8 3.8 3.1 6.2 2.2 4.1 8.8 2.9 6.9 4.3 3.2 5.3 3.7 3.1 5.42 3.95 5.3 0.05 
Unit C, N6  
Length 2.1 3.3 8.7 5.9 4.4 19.2 6.7 5.4 3 3.7 4.1 5.1 10 2.2 3.1 5.6 4.1 5.8 6.9 5.4 5.74 5.25 5.4 0.04 
Width 1.9 2.8 7.4 5.3 4.1 15.5 6.1 5 2.8 3.3 3.5 4.4 7.8 1.8 2.6 4.9 4 5.3 5.1 5 4.93 4.65 2.8 0.03 
Unit C, N7  
Length 3.2 3.7 5.8 2.9 4.7 6.9 3.2 8.8 7.1 5.2 4.6 4.6 3.5 3.9 5 8.4 2.3 7.4 4.5 4.3 5 4.6 3.2 0.02 
Width 3 3.6 5 2 4.1 6.2 2.8 7.1 5.5 4.5 4.4 3.2 3 2.1 3.3 5.9 1.7 6.5 3.8 3.9 4.08 3.85 3 0.02 
Unit C Mean Length 5.9 Width 4.9                                           
Unit I, N10  
Length 4.6 6.8 3.6 3.7 11.1 4.2 5.2 3.7 9.8 5.5 3 4.6 2.6 23 3.1 2.7 4.4 2.5 2.9 3.8 5.54 4 4.6 0.05 
Width 4 5.7 3.5 3.7 8.2 4 3.9 3.3 7.5 5.2 2.8 3.1 2.1 17.1 2.5 2.5 3.5 2.2 2.7 3.4 4.55 3.5 4 0.03 
Unit I, N13  
Length 5.3 9.2 3.1 2.3 4.5 17.1 3.9 7.5 4.2 2.6 6.3 2.6 4.6 10.2 2.5 4.1 3.6 5.3 6.3 2.1 5.37 4.35 5.3 0.04 
Width 4.5 6.9 2.4 1.9 3.2 13 2.8 5.8 3.7 2.2 5.5 2.2 3.5 6.6 2.3 2.8 3.5 5 4.9 2 4.24 3.5 2.8 0.03 
Unit I Mean Length 5.5 Width 4.4   
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Regional Stratigraphic Sections Units 
Unit 3, 
MD1  
Length 5.9 3.1 2.8 5.5 1.9 2.5 4.1 3.2 3.6 1.6 2 2.1 3.3 3.2 7.5 2.8 4.6 5.7 4.1 12.9 4.12 3.25 2.8 0.03 
Width 5.6 2.8 2.4 4.8 1.5 2.4 3.7 3.1 3.2 1.3 1.7 2 2.9 3 6.8 2.3 4.2 5.9 3.7 10.6 3.7 3.05 2.4 0.02 
Unit 1, 
MD2  
Length 4.2 6.1 18 3.3 6.8 5.9 4 7.5 4.2 5.4 11.2 2.3 4.8 7.5 6.2 8.6 7.1 7.7 6.5 7.9 6.76 6.35 4.2 0.03 
Width 4 5.3 14.7 2.1 6.2 5.5 3.6 7.1 3.8 4.8 10.7 1.9 4.3 6.7 5.6 7.1 6.4 6.4 6 4.8 5.85 5.55 7.1 0.03 
Unit 2, 
MD2  
Length 3.1 5.1 4.7 5.6 15.1 4.2 8 5.1 3.8 4 5.3 4.9 4.7 5.3 6.1 5 4.7 3.5 5.8 5.2 5.46 5.05 4.7 0.02 
Width 2.8 4.4 4.3 5.1 12.9 3.5 6.6 4.1 3.5 3.2 4.4 4.8 4.1 3.9 2.8 3.3 4.3 3.2 5.1 4.5 4.54 4.2 2.8 0.02 
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3.2. Regional Area Study 
In the larger, regional study area of the northern APV, 11 stratigraphic sections were completed to 
identify regional variation in the physical and chemical characteristics of the volcanic pile (Table 3.3, 
Figure 3.3). In the regional study area similar lava types to those of the map area are observed. All but 
one lava units encountered were tabular sheet flows with 11 of flows having volcanic agglomerates on 
top of them and 12 being simple vesiculated topped flows. For four flows, only flow cores were 
observed. One of these is fine grained throughout, similar to the flows observed elsewhere with volcanic 
agglomerates on top, where as the other three were medium-coarse grained similar to the flow cores of 
lavas with simple vesiculated tops. A single set of compound lavas similar to Unit E is observed at the 
BC4 section. 
Similarly to the map area the flow top agglomerates have sub-equant and sub-angular clasts with no 
evidence of clast welding and no clasts seen larger than 16cm (Table 3.2). They also sometimes contained 
recycled agglomerate clasts in the very fine grained upper portion of the flow core, very coarse grained 
blebs, hackly, poorly developed columnar jointing and rare thin, laterally discontinuous pods or squeeze 
outs of microcrystalline material within the volcanic agglomerate.  
A greater amount of sedimentary material was observed in the west of the study area, specifically at 
the BC1 and BC2 localities where a quartz arenite, a subfeldsarenite and a volcanoclastic sandstone were 
observed. Overall, similar types and styles of lavas are observed across the larger study area inferring 
lavas within the detailed map area are representative of a larger portion of the province. 
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Table 3.3: Regional Stratigraphic Sections Unit Summary 
 
 
Regional Study Area
Thickness
Crust Core
AP1/1 N/A 32 Unknown 105-137 Coarse
BC1/1 13 5+ Brecciated 201-221 Fine Recycled clasts
BC1/2 N/A 7 Unknown 221-228 Med-Coarse
BC1/3 3 10 Simple 229-242 Coarse Sub-porphyrytic, platy jointing, tailed vesicles
BC1/4 N/A 48 Unknown 242-291 Fine-Med Columnar jointing, pegmatitic blebs, recycled clasts
BC2/1 4 12+ Simple 263-279 Med
BC2/2 N/A 0.3 N/A 279-279.3 Coarse Volcaniclastic sandstone
BC3/1 N/A 3 Brecciated 168-171 N/A
BC3/2 N/A 3 N/A 171-174 N/A Oxidized Sub-feldsarenite grading into quartzarenite
BC3/3 5+ 13 Brecciated 174?-238 Fine Recycled clasts
BC3/4 N/A 12+ N/A 238-250 N/A Peperite
BC4/1 13 12+ Simple 176-198 Med-Coarse
BC4/2 3 7 Simple 198-208 Med-Coarse Rounded inflation jointing
BC4/3 0 4 Simple 208-212 Med-Coarse Rounded inflation jointing
BC4/4 5 10 Simple 212-227 Coarse Rounded inflation jointing
BC4/5 3 6 Simple 227-236 Med-Coarse Rounded inflation jointing
BC4/6 5+ 8 Simple 236-249 Coarse Rounded inflation jointing
BC4/7 N/A 8+ Simple 249-257 Coarse Rounded inflation jointing
FR1/1 4 8+ Simple 225-237 Med-Coarse
FR1/2 N/A 13 N/A 237-250 N/A Limestone
MD1/1 6+ N/A Brecciated 190-196 N/A
MD1/2 6 35 Simple 196-237 Med-Coarse
MD1/3 2+ 42 Brecciated 237-281 Fine Pegmatitic blebs, recycled clasts
MD2/1 2+ N/A Simple 219-221 N/A
MD2/2 N/A 21 Unknown 221-242 Med-Coarse
MD2/3 25 49 Brecciated 242-318 Fine-Med Columnar jointing, pegmatitic blebs, recycled clasts
MD2/4 4+ 2 Simple 318-324 Medium
MD2/5 1+ 11 Simple 324-342 Medium
MD2/6 5 35 Simple 342-382 Coarse
MD2/7 N/A 17 Unknown 382-399 Med-Coarse
MD3/1 2 N/A Brecciated 210-212 N/A
MD3/2 15 73 Brecciated 212-300 Fine-Med Melt Segregations, Recycled Clasts
MD4/1 10 N/A Simple 212-222 N/A
MD4/2 27 39 Simple 222-278 Med-Coarse
MD4/3 0 34 Unknown 278-312 Med-Coarse
N1/1 N/A 20 N/A 149-169 Med-Coarse Aeolian Quartzarenite sandstone
N1/2 11+ 73 Brecciated 169-254 Fine-Med Columnar jointing, pegmatitic blebs, recycled clasts
N17/1 17 22+ Brecciated 210-249 Fine-Med Recycled clasts
N17/2 4 N/A Simple 249-257 Medium
N17/3 5 N/A Simple 257-266 Medium
N17/4 2 11 Simple 266-279 Coarse Sub porphyrytic, platy jointing, tailed vesicles
N17/5 N/A 42 Unknown 279-321 Fine-Med Peperite base, recycled clasts
Unit 
Flow Core 
Grain Size Features
Elevation 
Range (m 
ASL)
Crust Type 
(After Self et al, 
1997)
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3.3. Alteration 
Although lavas sampled in this study are relatively well preserved in outcrop, they do commonly 
suffer significant degrees of low temperature hydrothermal alteration. This is especially prevalent in lava 
flow tops where vesicles are almost always infilled with green and white clays, calcite, zeolites and 
quartz/amethyst. Care was taken when choosing samples for this study to take the least altered samples 
possible to maximise the reliability of data gathered. 
Alteration assemblages within lava flow cores are predominately limited to chlorite and brown clay 
alteration. Within lava flows, the peripheries of the flow cores and the flow tops are consistently more 
altered than the centre of the flow cores. Of the different volcanic units, Unit E flow lobes, Unit H and 
melt segregations within Units B, C and I were more commonly altered to a greater intensity than other 
lavas. 
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4. Petrography 
A total of 80 representative samples were taken from lava flow cores, lava flow tops, coarse grained 
blebs and the peperite base of unit I for petrographic examination. The least altered samples were 
selected where possible; however the majority of samples have undergone moderate degrees of sericite 
and low degrees of chlorite alteration. All sampled map units and regional stratigraphic section units 
groundmass and phenocryst assemblages are shown in Table 4.1. All thin section photos and 
petrography data is available in Appendix 3. 
The petrography of the different lava types will be discussed in the section below. 
 
4. Petrography 
Page 26 
Table 4.1: Map unit petrographic data  
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5. Lava Flow Types 
5.1. Introduction 
The nine identified units in the map area could be grouped into distinct flow types based on their 
physical and petrographic characteristics. The different lava types are defined from lavas in the map area 
and are seen to be consistent with the lavas in the regional study area.  
  
5.2. Type 1 - Simple Sheet Flow Pahoehoe 
Map units A, D, F and G are all thick, laterally extensive simple sheet flow pahoehoe lavas. Simple 
sheet flow pahoehoe lavas represent a total of 15 of 31 lavas encountered in the regional stratigraphic 
sections (Table 3.1; Table 3.3). 
5.2.1. Outcrop Description 
Type 1 lavas are thick (30-50 m), coherent, tabular, laterally extensive (low aspect ratio), medium to 
coarse grained lavas (groundmass 0.4-1.0mm crystals) with vesiculated tops reaching up to 15 m in 
thickness that are commonly partly or completely eroded (Figure 5.1). Vesiculation gradually increases 
from the flow core towards the flow top. Vesicles are generally sub-spherical and 5-10 mm in 
diameter. Columnar jointing is observed at the base of thicker Type 1 flow cores.  
5.2.2. Petrography 
Type 1 lava flow cores are medium to coarse grained (0.4-1mm) with an intergranular to intersertal 
texture with glass content increasing towards the flow core margins. Their groundmass assemblage 
consists of subhedral to acicular plagioclase (51-67 %) + altered volcanic glass (8-24 %) + subhedral 
clinopyroxene (10-11 %) + subhedral orthopyroxene (7-10 %) + magnetite (5-7 %) Figure 5.1; Table 4.1). 
Plagioclase phenocrysts are very rarely observed, and when seen often have a glomeroporphyrytic 
texture. 
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Figure 5.1: Representative photos of Type 1 lavas. A is a photo of a Type 1 lava flow top, B is a thin 
section photo of Type 1 flow core and C is a hand specimen photo of Type 1 lava flow top. 
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5.3. Type 2 – Agglomerate topped Pahoehoe 
Type 2 lavas comprise map units B, C, and I, all of which are thick tabular lavas with agglomerate flow 
tops. Within the regional study area agglomerate topped pahoehoe lavas represent 14 of the 31 lavas. 
5.3.1. Outcrop Description 
Type 2 lavas are thick (40-100m) tabular, semi-coherent, laterally extensive aphyric lavas with 
autobrecciated flow tops between 10 and 25m in thickness. Flow tops are comprised of clast supported 
autobrecciated granule to boulder-sized, sub-angular to sub-rounded aphyric basalt clasts hosted in a 
microcrystalline groundmass and may include thin pods/breakouts up to 3 m in thickness by up to 50 m 
in length of non-brecciated microcrystalline lava. Measurements taken from flow top breccias at 
different stratigraphic section localities show consistent clast sizes in different lava units (Table 3.2). 
Clasts consistently appear rolled and/or milled by apparent syn-flow rotation (Figure 5.2). Flow top 
breccia clasts are usually heavily vesiculated with vesicles varying in size (but generally small) and 
strongly deformed (Figure 5.2). The contact between the flow top and flow core is sharp but the 
uppermost part of the flow core consistently contains recycled flow top clasts comprising stretched and 
distorted vesicles (Figure 5.2). The dense flow core is consistently fine grained (groundmass crystals <0.4 
mm) fining towards the flow margins (Figure 5.2). The lower and central portions of the flow core 
sometimes contain thin and poorly developed or hackly columnar jointing (Figure 5.2). In addition very 
coarse grained blebs and veins are observed in the lower and middle portions of flow cores (Figure 5.2). 
These very coarse grained blebs are regularly observed as randomly orientated disconcordant bodies that 
are a lighter colour and far coarser grained than their host lavas (Figure 5.2). In the map area Unit I and 
in the regional study area, lavas in transects BC1, BC2 and N17 show a peperite texture at their base, 
which indicates the flow has erupted over wet unconsolodiated sedimentary material (Figure 5.2). 
5.3.1. Petrography 
Type 2 flow cores are fine grained (0.1-0.3mm) with an intergranular texture grading into an 
intersertal texture at their peripheries (Figure 5.2). Their groundmass assemblage consists of subhedral 
tabular to acicular plagioclase laths (48-69 %) + subhedral prisms of clinopyroxene (9-13 %) + subhedral 
prisms of orthopyroxene (8-12 %) + altered volcanic glass (2-22 %). Their phenocrysts/microphenocryst 
assemblage consists of plagioclase (Tr-1 %) ± clinopyroxene (0-Tr %) + large euhedral blebs of magnetite 
altering to hematite (6-8 %) (Table 4.1). The magnetite crystals all show exsolution laminae (probably 
ilmenite and magnetite), a feature unique to this lava type. Rare plagioclase phenocrysts often show a 
glomeroporphyrytic texture.  
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Type 2 flow core coarse grained blebs constitute subhedral tabular plagioclase (59-62 %) + altered 
volcanic glass (4-6 %) + subhedral magnetite (10-11 %) + clinopyroxene (11-12 %) + orthopyroxene (4-
5 %) + hornblende (8-9 %). The petrology of the four samples investigated is near identical being 
characterised by a coarse grain size (0.5-8 mm), low glass content and the presence of long acicular 
hornblende crystals (Figure 5.2). Their boundaries with the surrounding lava groundmass are 
characterised by a gradational short transition in grain size into the groundmass of the host lava 
indicating their primary magmatic origin. 
Type 2 flow tops are composed of a microcrystalline matrix of very fine grained plagioclase laths and 
volcanic glass with rare pyroxenes and opaque minerals surrounding brecciated basalt clasts. Lava clasts 
are usually highly vesiculated, however, microcrystalline massive clasts are also observed. These 
different clasts appear to represent the upper parts of flow core (microcrystalline clasts) and parts of the 
lava crust (vesiculated clasts). Vesicles in vesiculated clasts are small (~3mm) poorly shaped and 
sometimes stretched (Figure 5.2). They are commonly infilled with clays and carbonate minerals. 
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Figure 5.2: Representative photos of Type 2 lavas.  
A – Outcrop photo of part of the volcanic agglomerate comprising the top of a type 2 lava  
B – Recycled agglomerate clast in the top of a type 2 lava flow core 
C – Hand specimen photo of a coarse grained bleb in its type 2 host lava 
D – Hackly columnar jointing at the base of the a type 2 lava 
E – Thin section photo of a coarse grained bleb showing its coarse grain size 
F & G – Hand specimen photos of part of the volcanic agglomerate comprising the top of type 2 lavas 
H – Thin section photo of type 2 lava flow core. Note the fine grain size 
G – Peperite base outcrop photo of base of Unit I, a type 2 lava 
J – Thin section photo of the peperite at the base of a Type 2 lava, note the chill margins 
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5.4. Type 3 – Sub-Porphyrytic Platy Jointed Simple Sheet Flow Pahoehoe 
Type 3 lavas comprise the map unit H as well a lava encountered in the N17 and BC1 stratigraphic 
sections. The proximity of N17 and BC1 to the map and the similar stratigraphic level observed for these 
lavas likely indicates that the they represent a lateral extension of Unit H. No similar flow was observed 
in this study or documented elsewhere in the Kalkarindji CFBP. 
5.4.1. Outcrop Description 
Type 3 lava is thin (10-20 m) and plagioclase-phyric. It consistently shows a porphyritic texture with 
plagioclase phenocrysts hosted in a medium-coarse grained groundmass (Figure 5.3). Its flow top is 
weakly to moderately vesiculated, with most vesicles large and tailed (Figure 5.3). The flow base is not 
observed. The lower part of the flow core is pervasively fractured by cooling joints that are dominantly 
sub-horizontal (Figure 5.3) and in one occurrence (N13) are sub-vertical. This jointing generally 
pervades over 50 % of the flow core and base. These joints are rectangular towards the flow base but 
become more swaley up section. Flow cores have a medium-coarse grain size that fines towards the 
peripheries. 
5.4.2. Petrography 
Type 3 flow cores are typically medium to coarse grained (0.5-1.0mm), with a porphyrytic texture. 
Their groundmass assemblage consists of subhedral to acicular plagioclase (65-70 %) + altered volcanic 
glass (14-19 %) + magnetite (3-4 %) + subhedral clinopyroxene (3 %) + subhedral orthopyroxene (1 %) ± 
anhedral quartz (0-1 %). The phenocryst assemblage consists of plagioclase (7-8 %) ± clinopyroxene (0-
tr %) (Figure 5.3). Plagioclase phenocrysts often have a glomeroporphyrytic texture. 
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Figure 5.3: Representative photos of Type 3 lavas. Note the characteristic platy jointing in A, the 
sub-porphyrytic texture in B, the tailed vesicles in C and the coarse grain size in D.
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5.5. Type 4 – Compound Lavas 
Type 4 lavas comprises map unit E, a series of compound lava lobes of limited lateral extent (high 
aspect ratio) stacking up upon one another as well as similar compound stacks observed in the BC4 
stratigraphic sections. These flow types are subordinate in the province relative to lava types 1 and 2.  
5.5.1. Outcrop Description 
Type 4 lavas are relatively thin, lava lobes that bank up upon one another (Figure 5.4; Figure 5.4). 
Lavas show pervasive rounded jointing throughout their flow cores (Figure 5.4) and where observed 
have vesiculated flow tops. Flow top vesiculation is generally between 25 and 35 % with vesicles 
generally sub-spherical and averaging 5-10 mm diameter. These flows consistently form in stacks 
comprising between two and six flows. Flow cores have a medium – coarse grain size (0.3-0.8mm) that 
fines towards the peripheries. 
5.5.2. Petrography 
The flow cores of Type 4 lavas are typically medium – coarse grained (0.3-0.8 mm) and have an 
intersertal texture. Their groundmass assemblage consists of subhedral to acicular plagioclase (53-65 %) 
+ altered volcanic glass (9-26 %) + subhedral clinopyroxene (9-15 %) + subhedral orthopyroxene (6-
13 %) + subhedral magnetite (5-6 %) (Figure 5.4). Phenocrysts are very rare and when seen are usually 
plagioclase, with subordinate clinopyroxene, both minerals generally showing a glomeroporphyrytic 
texture. 
Type 4 flow tops when present are composed of a microcrystalline matrix of very fine grained 
plagioclase laths and volcanic glass with rare pyroxenes and opaque minerals surrounding well rounded, 
large (~5-10 mm) vesicles (Figure 5.4). 
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Figure 5.4: Representative photos of Type 4 lavas. Note the individual lobes in A, the medium grain 
size in B, and the characteristic curvy jointing in C.
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6. Geochemistry 
6.1. Introduction 
Major and trace element geochemical data is used to classify the lavas of the map and study areas, 
identify distinct geochemical groupings within the stratigraphy and assess how geochemistry relates to 
different lava types. This will allow for an assessment fit into the different phases of CFBP volcanism. A 
total of 81 of the least altered based on petrology samples from lava flow cores and margins were 
analysed for both major and trace element abundances. 
 
6.2. Classification 
Both map and regional lavas range in composition from basalt to trachy-andesite, with most plotting in 
the basaltic andesite and basaltic trachy-andesite range on the Le Bas et al (1986) TAS diagram (Figure 
6.1). All lavas in the study and map areas show low Ti/Y (<300) ratios and low TiO2 (<1.6%) values 
defining them as Low Ti lavas (Peate et al., 1992; Xiao et al., 2004). Lava types 1, 2 and 4 are 
indistinguishable, with Lava type 3 the only exception, plotting as trachyandesite (Figure 6.1). The melt 
segregations correspond to a trachyandesite chemistry. 
Figure 6.1: Diagram of weakly altered samples in the map and study areas. Black squares represent 
melt segregations 
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6.3. Chemical Assessment of Alteration 
Ancient Basaltic and Andesitic lavas sometimes suffer significant hydrothermal alteration after 
crystallisation. Although field studies endeavoured to collect samples that looked relatively unaltered in 
hand specimen, all specimens have experienced some degree of alteration. Samples were thus divided 
into fresh/weakly altered and moderately/strongly altered on the diagram based on their loss of ignition 
(LOI) values (Figure 6.1). Lavas with LOI’s less than 1.5% were considered only weakly altered and only 
these samples were evaluated further in regard to their geochemistry. Coarse grained blebs had high LOI 
values (>2.5%) however in thin section samples alteration was deemed only minor. They were thus still 
considered valid data for analysis. All samples have relatively high Na and K contents relative to Low Ti 
tholeittes which I interpret to be a result of low temperature alteration. This alteration is manifest 
petrographically as weak to pervasive sericite alteration of plagioclase in all samples. 
 
Figure 6.2: Discrimination diagram of weakly and strongly altered lavas. 
 
 
6.4. Major Element Geochemistry 
All lavas sampled are highly evolved low Ti-tholeiites with low TiO2 and MgO values and relatively 
high Alkali values. Major elements relative to SiO2 is shown in Figure 6.3. Melt segregations represent 
outliers and will be discussed separately later in the chapter.  
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For most of the major elements, all map units have similar major element chemistries with the 
exception of Unit H which shows a more evolved chemistry reflecting its trachyandesitic composition. 
There is however a distinct variation in TiO2 values which defines two separate groups in the data. TiO2 
thus can be used to separate two distinct chemical groupings in the map area stratigraphy (higher TiO2 - 
>1.39 and lower TiO2 - <1.22). These chemical groups can be observed to a lesser degree in Al2O3.  The 
two TiO2 groups contain lavas from lava types 1, 2 and 4. It is important to note that both groups fit the 
Low Ti classification defined in other studies (Hou et al., 2011; Peate and Hawkesworth, 1996) however 
the terms used here of ‘low’ and ‘high’ are relative only to each other. 
Regional samples are indistinguishable from the map area samples. The two TiO2 groupings are still 
applicable with only two samples that plot intermediary between the two groups (Figure 6.3). 
 
6.5. Trace and Rare Earth Elements  
For all samples, the compatible elements Cr, Ni and V are strongly depleted relative to N-MORB. The 
incompatible elements are all enriched relative to N-MORB and demonstrate a pattern similar to 
continental crust in a N-MORB multi element diagram with significant depletions in Nb and Ta relative 
to Th and U and enrichment in Pb and Sr relative to Nd. The two TiO2 groupings are similarly observed 
for Niobium, Ta, Th and U, however are less distinct in LREE’s and are not distinguishable in HREE’s, Zr 
and Hf (Figure 6.3). As with the major elements, chemical distinction of the different lava types was 
unsuccessful with the exception of Type 3 lavas which showed enrichment in incompatible elements. 
The two intermediate TiO2 samples are also intermediate in Nb, Ta, Th and U. 
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Figure 6.3: Major and trace element 
geochemical plots of map and study area 
samples. 
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6.6. Map Unit Chemical Variation 
The two TiO2 groups interleave through the map area stratigraphy (Figure 6.4, Figure 6.5). 
Additionally, within the compound flow stack that is Unit E, samples were seen to be of both chemical 
groupings. There was no lateral or vertical control on occurrence of the different TiO2 groups within the 
Unit E stack (Figure 6.6).  
 
Figure 6.4: Generalised stratigraphic section of the map area with different Ti groups differently 
colour coded 
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Figure 6.5: Stratigraphic variation of key discriminator elements of the different TiO2 groups. 
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Figure 6.6: Lateral and vertical variation of chemical grouping in Unit E lavas. 
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6.7. Coarse Grained Bleb Geochemistry 
Relative to their host lavas, the coarse grained blebs seen in type 2 lavas are seen to be moderately 
enriched in incompatible phases (1.3x REE, 1.2x Fe, 1.5x Ti), and greatly depleted in compatible 
elements (0.1x Cr, 0.6x MgO, 0.6xCaO) (Table 6.1). This likely implies they have formed by fractional 
crystallisation processes occurring within the crystallising lava, representing the final stage melt 
remaining in the cooling lava. 
Table 6.1: Variation in element abundance between coarse grained blebs and their host lavas. Note 
the depletion in more compatible elements and significant enrichment in more incompatible 
elements. 
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7. Discussion 
Based on field observations and petrographic analysis I conclude that the volcanic agglomerates that 
occur throughout the map area and also throughout the Antrim Plateau succession of the Kalkarindji do 
not represent near-vent facies but instead the flow tops of rubbly top pahoehoe. The Kalkarindji CFBP 
has a much higher proportion of rubbly top pahoehoe lavas compared to other CFBPs thus the eruptive 
process that generates these must have been more prevalent.  
Chemical analyses of the lavas from the map area reveals two distinct chemical groups interleaving 
throughout the stratigraphy. These two groups have erupted from different volcanic vent systems with 
unique plumbing near-synchronously.  
 
7.1. Volcanostratigraphy 
7.1.1. Lava Types 
Four different lava types were defined based on characteristic outcrop and petrographic features. These 
include simple sheet pahoehoe, rubbly top pahoehoe, simple sheet flow pahoehoe with platy jointing, 
and compound flow pahoehoe. The volcanic agglomerates are observed to be genetically linked to the 
underlying lava flow and are here interpreted as rubbly top pahoehoe rather than near vent facies.  
All four lava types are analogous to lavas seen in other provinces and thus I use the terminology 
defined by other workers (Duraiswami et al., 2008; Duraiswami et al., In press; Keszthelyi and Self, 1997; 
Keszthelyi and Thordarson, 2000; Keszthelyi et al., 2001; Self et al., 1997). 
 
Type 1 Lavas 
The internal morphology and geometry of type 1 lavas appear physically identical to simple sheet flow 
pahoehoe lavas as documented in all Phanerozoic CFBPs (Self et al., 1997) although the characteristics 
ropy flow top surface is not observed in this study due to low preservation. Nevertheless, a thick 
vesiculated crust was observed, similar to lava crusts of simple sheet pahoehoe lavas in other provinces 
(Jerram, 2002; Self et al., 1997). The significant features of type 1 lavas was their large well rounded 
vesicles in their flow top, their thick, laterally extensive geometry and their lack of lava tubes. This 
indicates that lavas did not undergo degassing until after it had ceased movement, thus resulting in the 
lack of strained vesicles. The lack of lava tubes indicates these are sheet flows, and their smooth top and 
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lack of evidence of significant strain that they were formed as a result of steady inflation (Duraiswami et 
al., In press; Keszthelyi and Thordarson, 2000). They are by far the most numerous and common lava 
type encountered in other provinces (Self et al., 1997).  
 
Type 2 Lavas 
Type 2 lavas have characteristics that are similar to rubbly top pahoehoe lavas documented in the 
Deccan Traps, Iceland and Columbia River Plateau (Bondre et al., 2004; Bondre et al., 2000; Duraiswami 
et al., 2008; Duraiswami et al., 2003; Guilbaud et al., 2007; Keszthelyi and Self, 1997; Keszthelyi and Self, 
1998; Keszthelyi et al., 2006; Keszthelyi and Thordarson, 2000). Type 2 lavas characteristics include a 
fine grain size despite their extreme flow core thickness (12-80m), a flow top comprised of 
autobrecciated cobble sized sub-rounded to sub-angular clasts in a glassy microcrystalline purplish rock 
flour matrix with vesicles in clasts highly variable in size and distorted, thick sheet like geometries, 
coarse grained blebs and veins, recycled clasts and poorly formed, hackly, columnar jointing in their fine 
grained flow cores.  
Previous workers (Bultitude, 1971; Evins, 2005; Sweet et al., 1974) have made the interpretation that 
the flow tops of these units are near vent volcanic agglomerates. Furthermore, near vent-facies observed 
in other CFBPs are welded, generally have larger clasts and do not show the lateral continuity(Brown, In 
press). This study has shown the agglomerates not to have these characteristics but rather to be 
consistent with the characteristics of rubbly top pahoehoe lavas (Table 3.1, Table 3.2, Table 3.3). 
The lack of brecciation at the base distinguishes the type 2 flows from Aa lavas (Aubele et al., 1988; 
Duraiswami et al., 2003). Aa lavas have a spiny rough surface with a brecciated top that is transitional 
into the flow core, whereas rubbly top pahoehoe lavas have a distinct brecciated crust overlying the flow 
core, and do not have a brecciated flow base (Duraiswami et al., 2008). The presence of recycled clasts in 
the flow core (Figure 5.2) has been seen in lavas transitional between rubbly top pahoehoe and Aa 
(Duraiswami et al., In press). No volcanic agglomerates at the base of the type 2 lavas as typified by the 
type 2 lava Unit I sitting on top of the type 1 lava Unit G with no brecciated clasts observed at the 
contact. 
Type 2 lavas are fine grained despite their extreme thickness (10-80m flow core). This is a consistent 
feature of rubbly top pahoehoe in other provinces and is considered a response to the brecciated flow 
top being a less effective insulator than the smooth ropy flow tops of sheet pahoehoe flows. The heavy 
distortion of vesicles in type 2 lavas indicate a highly variable strain rate as a result of syn-flow degassing 
resulting in the warping of  vesicles and their greater size variability (Figure 5.2) (Duraiswami et al., In 
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press; Polacci and Papale, 1997). The observation of squeeze-outs in type 2 lavas is also a feature that 
indicates significant crustal disruption (Personal Communication, Mike Widdowson, 2012). 
For lava flows to auto-brecciate lava needs to rupture the viscoelastic skin that contains it. The 
viscoelastic skin will rupture under increased strain rates. Strain rates may be affected by variation in 
lava viscosity, increase in velocity due to increase in gradient, or variation in inflation rate of the lava. 
As there is no indication of a steeper gradient in the map area between successive eruptions it seems 
more likely that Type 2 lavas brecciated flow top is a result of its increased viscosity. Viscosity is a 
reflection of a lavas chemistry, temperature, crystal content and volatile content (Chevrel et al., 2013).  
Given that the major and trace element chemistries of lava types 1, 2 and 4 are indistinguishable it is 
unlikely that upon eruption volatile contents or eruption temperatures were significantly different. That 
the type 2 lavas are fine grained despite their thickness, indicating poor insulation, have heavily 
distorted and variably sized vesicles, indicating syn-flow degassing, and contain squeeze-outs, indicating 
syn-flow crustal breakage, all lead to the conclusion that these lavas did not experience uniform constant 
inflation but rather pulsed inflation with syn-flow volatile degassing. During pulsed inflation, the rate of 
inflation varies, which does not allow the viscoelastic skin to cater for inflation as easily and makes it 
more prone to rupture. Once initial rupture has occurred the flow is exposed to the atmosphere which 
increases its cooling rate and in turn amplifies the process. This exposure combined with further pulsed 
inflation results in continued disruption of the lava flow top and its continued autobrecciation (Bondre 
et al., 2004; Duraiswami et al., 2008; Duraiswami et al., 2003; Guilbaud et al., 2005; Guilbaud et al., 2007; 
Keszthelyi et al., 2006; Keszthelyi and Thordarson, 2000; Keszthelyi et al., 2004; Keszthelyi et al., 2001; 
Walker et al., 1999).  
 
Type 3 Lavas 
Lavas physically similar to Type 3 have not been documented in CFBPs. Platy jointing is commonly 
found in more intermediate composition lavas where the jointing parallels the cooling surface (Bryan, 
2012). The presence of tailed vesicles indicates a unidirectional strain while degassing was occurring 
likely indicating late syn-flow degassing. 
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Type 4 Lavas 
Type 4 lavas appear similar to the previously documented low-volume compound braided pahoehoe 
lavas of other CFBPs based on their relatively thin and laterally discontinuous nature (Elliot and 
Fleming, 2008; Jerram, 2002; Self et al., 1997). Their pervasive, rounded irregular jointing pattern shown 
in Figure 5.4 has been documented in the Columbia River in low-volume, laterally restricted lavas 
(Kattenhorn and Schaefer, 2008; Figure 7.1). This style of jointing is a result of thinner, more laterally 
confined flows cooling from all directions, rather than predominantly just above and below, causing a 
more chaotic jointing pattern. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: A - Photo of outcropping Type 4 
lava flow. B - 2D sketch of outcrop scale internal morphology of type 4 lavas. C - Representative 
cross section of a type 4 lava flow with curvy linear jointing. D – Conceptual model of cooling 
directions generating curvy-linear jointing forms due to multidirectional cooling directions in 
confined flow. 
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The lavas observed in the map and study areas correspond to the classic lava types observed in CFBP’s 
however the rubbly top pahoehoe lavas represent a significantly greater proportion of the province then 
any other CFBP as documented to date. This indicates that the processes of pulsed inflation that generate 
rubbly flow top pahoehoe are significantly more important in the Kalkarindji CFBP then other CFBPs. 
Rubbly flow tops are interpreted to be erupted at higher effusion rates (Duraiswami et al., 2008; 
Guilbaud et al., 2005; Keszthelyi and Thordarson, 2000) than the other lava types thus implying the 
Kalkarindji CFBP was erupted at higher effusion rates than other provinces.  
 
Table 7.1: Key characteristics of lava types identified in this study 
 
 
7.1.2. Volcanic Architecture 
The study area is dominated by tabular sheet flow lavas including both rubbly top pahoehoe and 
simple sheet flow pahoehoe in sub-equal proportions with accessory compound braided lavas. Several 
tabular lavas were seen to have Peperite bases near the top of volcanic pile exposure indicating the 
presence of active sedimentary systems depositing in the eruptive environment. These characteristics are 
most consistent with the mid to upper parts of a CFBP stratigraphy (Jerram, 2002; Jerram and Stollhofen, 
2002; Jerram and Widdowson, 2005).  
  
 
Lava Type 
Characteristic 1 2 3 4 
Autobrecciated Flow Top 
 
  
  Vesiculated Flow Top   
 
    
Pegmatitic Melt Segregations 
 
  
  Platy Jointing 
  
  
 Highly Evolved Chemistry 
  
  
 Well rounded, large vesicles   
  
  
Variably sized, deformed vesicles 
 
  
  Recycled clasts immediately below flow core 
 
  
  Large tailed vesicles 
  
  
 Rounded Irregular Jointing 
   
  
High aspect ratio 
   
  
Low aspect ratio       
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7.2. Geochemistry 
7.2.1. Temporal Evolution of Province 
The chemical variation through the stratigraphy of a CFBP can be particularly useful in identifying 
changing petrogenetic settings that may be occurring in the province. Different chemistries may 
represent a change in petrogenesis or different source components contributing to melting (Hansen and 
Nielson, 1999; Peate et al., 1992; Peate et al., 2003; Peate and Hawkesworth, 1996). For the entire 
stratigraphy encountered in the map and study areas there is negligible variation in both major and most 
trace element characteristics, excluding Unit H and coarse grained melt segregations hosted in rubbly 
top pahoehoe units. The only significant elemental variation observed in the remaining lavas is two 
different groups in the map area that can be defined by their TiO2, Nb, Th and U (Figure 6.2). These 
chemical groups are not confined within the stratigraphy nor are they reflected by different lava types. 
These slightly different groups are likely a product of minor petrogenetic differences that have occurred 
in the magma plumbing system with no significant source variation. 
The chemical groups in the map area have a complex relationship with stratigraphy. Three tabular 
flows (B, F and H) are in the high TiO2 grouping and three are in the low TiO2 grouping (C, G and I) 
(Figure 6.3). Interestingly, Unit E, the type 4 compound lava flow stack has flow lobes which correspond 
to both the high and low TiO2 groups. Compound lava flows can be the result of low effusion rates 
similar to modern day shield volcanic settings (Jerram et al., 2000; Reidel and Tolan, 1992; Walker, 
1971) or represent outpourings at the front of a tabular lava flow far from the eruptive source (Hon et 
al., 1995; Walker, 1971) . This latter option however is not considered viable in the scenario present in 
the map area as the total pile of the Unit E compound stacks exceeds any laterally correlative tabular 
lava flow. Thus, for a compound unit such as Unit E to contain both groups interspersed it requires one 
of two scenarios to explain its generation: 
 A single lava feeder vent being fed by magmas sourced from two slightly different petrogenetic 
pathways that are being alternatively tapped along the feeder dykes to the volcanic 
vent/fissure erupting the lavas. 
 Two lava feeder vents with magmas sourced from slightly different petrogeneses are erupting 
near synchronously and are the primary sources of lavas of the map area. A diagram is shown 
in Figure 7.2.  
It is more likely that two separate vents were erupting given that the chemical groupings are also seen 
in different tabular lavas. Furthermore a shared vent would presumably result in some magma mixing in 
its feeder chamber and a significant number of intermediate TiO2 content lavas.  
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Figure 7.2: Diagram of evolution of the two different geochemical groups defined in the map area. 
Both share a common source and a shared AFC event early on in their evolution but from there 
follow differing plumbing systems resulting in slightly different evolutions. 
 
7.2.2. Coarse Grained Bleb Geochemistry 
Coarse grained bleb observed in type 2 lavas are an unusual feature not commonly seen in CFBP flows. 
Descriptions taken in this study are similar what are described as melt segregations in several other 
CFBPs and the Winn Sill in England (Green, 1989; Hartley and Thordarson, 2009; Thordarson and Self, 
1998; Widdowson, 2012). Based on my petrographic observation that theres a gradational content with 
the host lava and there similar but more evolved trace and major element systematics to their host lavas 
that these represent melt segregations. These melt segregations represent very late stage crystallisation of 
the remaining volatile- rich fluids near the base of the cooling lava (Hartley and Thordarson, 2009) 
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which is consistent with their incompatible element enrichment relative to their host lavas (Table 6.1). 
The observation that they form as discordant veinlets and blebs implies their migration through a semi-
solid crystal mush. This melt segregation bleb mechanism of formation is also envisaged in the Levering 
Lava of the Columbia River CFBP (Hartley and Thordarson, 2009). 
 
7.2.3. Chemostratigraphy 
Most CFBPs show complex internal chemostratigraphies, with many different chemical suites 
identified in various provinces (e.g. Jay and Widdowson, 2008; Jolley and Bell, 2002; Lightfoot et al., 
1994; Peate, 1997; Sheth and Melluso, 2008). Presently the only chemical distinction between lava flows 
that could represent chemically distinct suites is observed in a single transect between the Ord Basin and 
the Rosewood syncline where high Cr basalts are observed near the base of the stratigraphy (Evins et al., 
2009). No similar High Cr basalts were observed in this study. 
The generation of a stratigraphic framework in this study for a small portion of the Kalkarindji CFBP 
has provided the ability to distinguish subtle chemical variation. My geochemical groups can be applied 
to the larger regional dataset to identify their continuity across the province (Glass, 2002). When all 
TiO2 is plotted against MgO for the province, the two map groups cannot be discerned (Figure 7.3). 
However, when data only from the Waterloo district is plotted (~15000 km2 area), the same groupings 
can be roughly discerned (Figure 7.4). This clearly shows the importance in having a stratigraphic 
framework before attempting to define chemical groups in the stratigraphy. This indicates for the 
Waterloo map area, where almost 15 % of the preserved volume of the province outcrops, it is likely 
that just two feeder vents supplied the majority of the regions lava and that lavas from these vents 
covered large areal extents. The two lavas from the regional samples that do not fit into the two Ti 
groups are from the south eastern most extension of the study area and likely erupted from a different 
vent system to those that supplied the rest of the Waterloo area (Figure 7.3).  
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Figure 7.3: SiO2 vs TiO2 across the entire Kalkarindji Province. No clear chemical distinction can be 
made with the exception of an outlying trend higher in MgO, and a low TiO2 group. 
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Figure 7.4: SiO2 vs TiO2 for the map area plus Waterloo Regional Dataset. Note the seperation in 
TiO2 contents defined in the map area is still visible in the regional dataset. 
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8. Conclusion 
Mapping of the Newry area has defined nine lava units. Chemically, all flows are low Ti tholeiites with 
a strong crustal contamination signature. Although extremely chemically similar, two geochemical 
groups can be defined within a detailed map area (<1.2 and >1.38 wt %). These two groups are observed 
over a much larger study area.  
Detailed mapping with regular stratigraphic sections is required to confidently map lava units over 
greater than a few 100m within the Kalkarindji CFBP. Attempts to use major and trace element 
chemistry to correlate units was found to be ineffectual because in flow chemical variation was 
comparable to chemical variation between different flows. 
The Kalkarindji CFBP contains a higher proportion of rubbly top pahoehoe lavas than other provinces. 
Rubbly top pahoehoe flows defined by this study had their flow top agglomerates incorrectly interpreted 
as near vent facies by previous workers (Bultitude, 1971; Bultitude, 1976; Evins, 2005; Sweet et al., 
1974).  This high proportion of rubbly top pahoehoe lavas implies relatively higher rates of effusion 
across the Kalkarindji CFBP in comparison to other CFBPs. 
The two TiO2 groups represent eruptions from two distinct plumbing systems that have undergone 
subtly different petrogenesis but show no variation in source constituents. Eruptions from both 
plumbing systems generate rubbly flow top tabular sheet lavas, vesicular flow top tabular sheet lavas as 
well as compound lava flows. No correlation was observed between lava flow type and lava chemistry 
indicating lava type is influenced entirely by physical controls such as differences in eruptive rate and 
syn-flow degassing. 
The stratigraphy in the study area is similar to the mid and upper portions of other CFBPs, with thick 
subaerial sheet lavas stacked on top of one another with only one unit of compound lavas observed. 
Combining regional observations it appears the Kalkarindji province shares a similar stratigraphic 
architecture to other better studied CFBPs around the world with a greater abundance of rubbly top 
pahoehoe. 
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Appendix 1 
Sample Catalogue 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Number 
Location Elevation 
(ASL) 
Rock Type Thin Section 
Major 
Elements 
Trace 
Elements E N 
AP001 508381 8215918 111 Lava 
   
BC1-001 526249 8199538 206 Lava 
   
BC1-002 526144 8199605 208 Lava 
   
BC1-003 525732 8200044 226 Lava 
   
BC1-004 525646 8200200 229 Lava 
   
BC1-005 525648 8200243 231 Lava 
   
BC1-006 525633 8200289 240 Lava 
   
BC1-007 525500 8200258 243 Lava 
   
BC1-008 525468 8200204 253 Lava 
   
BC1-009 525453 8200200 260 Lava 
   
BC1-010 525433 8200186 274 Lava 
   
BC1-011 525412 8200175 282 Lava 
   
BC1-012 525400 8200166 291 Lava 
   
BC2-002 507664 8185106 267 Sandstone 
   
BC2-001 507664 8185106 267 Lava X X X 
BC2-003 507664 8185106 267 Lava 
   
BC2-002 507653 8185115 276 Lava       
BC2-003 507651 8185118 279 Sandstone 
   
BC3-002 505348 8184946 169 Lava 
   
BC3-001 505311 8184851 169 Lava 
   
BC3-002 505349 8184901 172 Sandstone 
   
BC3-003 505349 8184907 173 Sandstone 
   
BC3-004 506112 8184535 184 Lava 
   
BC3-005 506275 8184435 220 Lava 
   
BC3-006 506262 8184434 248 Peperite 
   
BC4-001 515462 8177103 178 Lava 
   
BC4-002 515099 8176540 198 Lava 
   
BC4-003 514951 8176281 215 Lava 
   
BC4-004 514973 8176193 238 Lava 
   
BC4-005 514998 8176054 275 Lava 
   
FR001 506367 8168528 231 Lava 
 
X X 
FR002 506403 8168508 241 Limestone 
   
M001 530191 8206720 182 Lava XO XO XO 
M002 530702 8207837 231 Lava X X X 
M003 530226 8207726 222 Lava 
   
M004 530136 8208023 214 Lava X X X 
M005 530100 8207922 223 Lava 
   
M006 529096 8207935 238 Lava X X X 
M007 529396 8209698 205 Lava 
   
M008 529380 8209412 216 Lava X X X 
M009 528888 8207495 300 Lava X X X 
M010 529602 8207450 204 Lava 
   
M011 529599 8207455 215 Lava 
   
M012 530008 8205250 181 Lava 
   
M013 529746 8205403 246 Lava X X X 
M014 529767 8205332 206 Lava X X X 
M015 530010 8208009 232 Lava X 
  
MD1-001 529135 8203346 190 Lava 
   
MD1-002 529309 8203217 212 Lava 
   
MD1-003 529328 8203204 230 Lava 
   
MD1-004 529353 8203127 239 Lava 
   
MD1-005 529374 8203174 254 Lava 
   
MD1-006 529402 8203147 281 Lava 
   
MD2-001 536428 8201386 230 Lava 
   
MD2-002 536315 8201459 240 Lava       
MD2-003 536267 8201509 261 Lava X X X 
MD2-004 536148 8201599 280 Lava X X X 
MD2-005 536054 8201663 305 Lava 
   
MD2-006 535821 8201489 321 Lava       
MD2-007 535778 8201504 332 Lava       
MD2-008 535728 8201510 342 Lava       
MD2-009 535700 8201495 355 Lava       
MD2-010 535678 8201496 366 Lava X  X X  
MD2-011 535644 8201363 378 Lava       
MD2-012 535629 8201337 396 Lava 
 
X X 
MD3-001 532995 8191025 211 Lava 
   
MD3-002 532877 8191087 215 Lava       
MD3-003 532772 8191088 233 Lava X X X 
MD3-004 532741 8191098 241 Lava 
 
    
MD3-005 532664 8191126 262 Lava       
MD3-006 532531 8191215 271 Lava       
MD3-007 532432 8191264 287 Lava       
MD3-008 532326 8191329 299 Lava       
MD4-001 533633 8188634 202 Lava       
MD4-002 533652 8188518 211 Lava       
MD4-003 533696 8188498 219 Lava       
MD4-004 533706 8188440 236 Lava X X X 
MD4-005 533719 8188416 246 Lava       
MD4-006 533701 8188377 260 Lava       
MD4-007 533731 8188362 272 Lava       
MD4-008 533735 8188348 279 Lava X 
  
MD4-009 533745 8188337 290 Lava X X X 
MD4-010 533748 8188309 302 Lava X X X 
MD4-011 533741 8188254 309 Lava       
N1-001 535370 8219816 167 Sandstone       
N1-002 535297 8219805 174 Lava       
N1-003 535227 8219799 190 Lava       
N1-004 535221 8219790 198 Lava       
N1-005 535165 8219799 220 Lava XO XO XO 
N1-006 535073 8219772 241 Lava       
N1-007 535025 8219750 252 Lava       
N2-001 531541 8213523 175 Lava X X X 
N2-002 531632 8213522 184 Lava X X X 
N2-003 531711 8213554 199 Lava       
N2-004 531732 8213562 211 Lava  X X X 
N2-005 531748 8213572 221 Lava       
N2-006 531797 8213581 225 Lava  X X X 
N2-007 531838 8213605 232 Lava       
N2-008 531858 8213621 241 Lava X X X 
N2-009 531880 8213640 249 Lava 
 
X X 
N2-010 531901 8213656 262 Lava       
N3-001 531560 8213518 187 Lava       
N3-002 531632 8213496 196 Lava       
N3-003 531785 8213549 208 Lava       
N3-004 531814 8213557 213 Lava       
N3-005 531835 8213549 220 Lava       
N3-006 531850 8213543 223 Lava       
N3-007 531856 8213555 225 Lava       
N3-008 531919 8213540 236 Lava       
N3-009 531922 8213537 245 Lava X X X 
N3-010 531960 8213535 251 Lava       
N3-011 531848 8213556 262 Lava       
N3-012 531996 8213570 275 Lava       
N4-001 531822 8213085 181 Lava       
N4-002 531870 8213170 191 Lava X X X 
N4-003 531887 8213248 203 Lava       
N4-004 531873 8213270 216 Lava       
N4-005 531900 8213308 231 Lava       
N4-006 531953 8213345 255 Lava   X X 
N4-007 531980 8213380 267 Lava * 
  
N4-008 532007 8213358 273 Lava       
N4-009 532040 8213377 291 Lava X X X 
N5-001 530930 8212084 188 Lava X X X 
N5-002 530829 8212071 204 Lava       
N5-003 530790 8212039 210 Lava       
N5-004 530743 8212009 215 Lava       
N5-005 530714 8211998 235 Lava   X  X 
N5-006 530700 8211982 242 Lava       
N5-007 530641 8211903 280 Lava       
N5-008 530642 8211900 282 Lava 
   
N5-009 530625 8211920 286 Lava       
N5-010 530599 8211897 298 Lava X X X 
N6-001 531154 8211464 200 Lava X X X 
N6-002 531097 8211385 214 Lava       
N6-003 531096 8211383 215 Lava       
N6-004 531020 8211341 229 Lava X X X 
N6-005 530981 8211324 241 Lava       
N6-006 530970 8211328 247 Lava       
N6-007 530932 8211311 266 Lava X X X 
N6-008 530919 8211305 280 Lava 
 
    
N6-009 530917 8211303 282 Lava       
N6-010 530916 8211301 290 Lava       
N6-011 530882 8211293 306 Lava X X X 
N6-012 530868 8211292 319 Lava X X X 
N7-001 529418 8208162 188 Lava X X X 
N7-002 529790 8208303 215 Lava 
   
N7-003 529912 8208404 233 Lava X X X 
N7-004 529936 8208420 241 Lava X X X 
N7-005 529963 8208439 250 Lava X X X 
N7-006 529969 8208467 255 Lava X X X 
N7-007 530887 8209515 261 Lava X X X 
N8-001 529369 8208737 206 Lava 
   
N8-002 529499 8208763 216 Lava 
   
N8-003 529591 8208754 223 Lava X X X 
N8-004 529619 8208728 238 Lava 
   
N8-005 529635 8208707 268 Lava       
N8-006 529690 8208711 291 Lava       
N8-007 529721 8208679 308 Lava XO XO XO 
N8-008 529737 8208646 314 Lava       
N9-001 530351 8207915 191 Lava 
 
X X 
N9-002 530183 8207619 212 Lava 
 
X X 
N9-003 530104 8207572 221 Lava X X X 
N9-004 530027 8207534 231 Lava X X X 
N9-005 529986 8207536 234 Lava X X X 
N9-006 529981 8207535 239 Lava X X X 
N9-007 529966 8207480 248 Lava X X X 
N9-008 529964 8207488 260 Peperite X 
  
N10-001 528689 8207439 229 Lava X X X 
N10-002 528686 8207465 251 Lava       
N10-003 528647 8207384 269 Lava       
N10-004 528615 8207395 284 Lava X X X 
N10-005 528567 8207359 298 Lava 
 
    
N10-006 528545 8207330 303 Lava * 
  
N10-007 528514 8207305 319 Lava 
 
    
N10-008 528475 8207321 329 Peperite 
 
    
N11-001 529827 8207088 208 Lava 
   
N11-002 529871 8207087 221 Lava X X X 
N11-003 529910 8207075 230 Lava X X X 
N11-004 529983 8207204 290 Lava X X X 
N12-001 528750 8207149 240 Lava 
 
X X 
N12-002 528746 8207198 252 Lava X X X 
N12-003 528596 8207058 292 Lava X X X 
N13-001 528772 8206136 208 Lava X X X 
N13-002 528734 8206358 220 Lava X X X 
N13-003 528631 8206481 248 Lava X X X 
N13-004 528596 8206440 268 Lava X X X 
N13-005 528553 8206480 299 Lava 
   
N13-006 528529 8206487 319 Peperite 
   
N14-001 529267 8205664 225 Lava 
   
N14-002 529265 8205549 268 Lava X X X 
N14-003 529207 8205551 281 Lava 
   
N14-004 529258 8205506 299 Lava X X X 
N15-001 529853 8205221 209 Lava X X X 
N15-002 529698 8205194 221 Lava X X X 
N15-003 529685 8205241 243 Lava X X X 
N15-004 529602 8205299 280 Lava 
   
N15-005 529545 8205344 293 Lava XO XO XO 
N15-006 529367 8205119 303 Lava 
   
N16-001 529448 8204949 205 Lava X X X 
N16-002 529321 8205139 223 Lava X X X 
N16-003 529307 8205143 268 Lava 
 
X X 
N16-004 529289 8205165 280 Lava X X X 
N16-005 529295 8205215 308 Lava X X X 
N16-006 529081 8205108 329 Lava X X X 
N17-001 529040 8204094 210 Lava X X X 
N17-002 528992 8204124 228 Lava       
N17-003 528951 8204142 235 Lava       
N17-004 528922 8204154 255 Lava       
N17-005 528895 8204173 265 Lava       
N17-006 528884 8204185 272 Lava X X X 
N17-007 528894 8204212 278 Lava 
   
N17-008 528858 8204205 289 Lava       
N17-009a 528830 8204220 310 Lava 
 
X X 
N17-009b 528830 8204220 310 Lava 
 
X X 
N17-010 528812 8204229 322 Lava 
 
X X 
 
Key: 
Samples are named based on the Australian map series 1:50000 maps they were collected 
from or notable localities if the sample was a spot sample.  
AP – Austral Pillar       BFC – Blackfellow Creek 
BH – Byrnes Hill       FR – Flat Range 
M – Sample collected during field mapping    MD – Mount Duncan 
N – Newry 
O denotes Melt Segregation sample, * denotes flow top sample 
  
 
 
 
 
 
 
 
 
 
 
Appendix 2 
Field Study Data 
(Stratigraphic Sections Locality Catalogue, Detailed Stratigraphic Section Logs, Outcrop Photos)  
 
 
 
 
 
 
 
 
 
 
 
 
ection Easting Northing Number of Samples NTGS Topographic Map Sheet Name 
AP1 508381 8215918 1 Austral Pillar 
BC1 507651 8185118 3 Burns Creek 
BC2 506262 8184434 5 Burns Creek 
BC3 525400 8200166 13 Burns Creek 
BC4 514998 8176054 5 Burns Creek 
FR1 506403 8168508 2 Flat Range 
MD1 535629 8201337 12 Mt Duncan 
MD2 532236 8191329 8 Mt Duncan 
MD3 533741 8188254 11 Mt Duncan 
MD4 529402 8203147 6 Mt Duncan 
N1 535025 8219750 7 Newry 
N2 531901 8213656 10 Newry 
N3 531996 8213570 12 Newry 
N4 532040 8213377 9 Newry 
N5 530599 8211897 10 Newry 
N6 530868 8211292 12 Newry 
N7 530881 8209595 7 Newry 
N8 529737 8208646 8 Newry 
N9 529964 8207488 7 Newry 
N10 528475 8207321 8 Newry 
N11 530114 8207350 4 Newry 
N12 528596 8207058 3 Newry 
N13 528553 8206480 5 Newry 
N14 529116 8205328 4 Newry 
N15 529312 8205160 5 Newry 
N16 529081 8205108 6 Newry 
N17 528894 8204212 10 Newry 
 
 
 
Key: 
Lithologies 
 
 
Lava - Flow Core 
 
 
Lava - Brecciated Flow Top 
 
 
 
Lava - Vesiculated Flow Top 
 
 
Pepperite 
 
Undifferentiated Lava Flows 
 
 
Quartzarenite Sandstone 
 
 
Lithic Arkose Sandstone 
 
 
Stromatolitic Limestone 
 
 
Debris Limestone 
 
 
Massive Limestone 
 
 
 
No outcrop 
 
 
Volcanoclastic Sandstone 
 
 
Symbols 
 
Sample Site 
 
Columnar Jointing 
 
Swaley/platy jointing 
 
 
Rectangular/platy jointing 
 
 
Rounded Jointing 
 
 
Melt Segregation 
 
Recycled flow top clast 
 
 
 
 
Contact Type 
  
Sharp  
  
Unconformable/Erosional 
  
Gradational 
      
        ?   ?   ? 
 
Not observed 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Austral Pillar 1 Stratigraphic Section 
A 
1: Dark grey, coarse grained, lava flow core 
dominated by plagioclase with subordinate 
pyroxenes and opaque minerals. Vesicles are 
very rare increasing in abundance towards 
the top of the section. Vesicles are well 
rounded and large (~8mm). 
1 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Burns Creek 1 Stratigraphic Section 
4: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava fining towards its 
peripheries. The flow core is massive, containing 
very poorly developed columnar jointing towards 
its base. Very coarse grained blebs are common in 
the centre of the flow core with what appear to 
be recycled brecciated clasts near the top of the 
exposure. The flow base is a peperite composed of 
chilled microcrystalline lava clasts in a 
quartzarenite sand matrix. The sand content 
quickly decreases up section. 
3: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The groundmass is 
dominated by plagioclase with greatly subordinate 
opaque oxides and pyroxenes. The flow core is 
massive. The flow top is thin and moderately 
vesiculated with vesicles large and tailed. The 
vesicles are set in a microcrystalline glassy 
groundmass. Vesicles are consistently infilled with 
secondary quartz and clays. The flow base is difficult 
to separate from the flow core but appears slightly 
finer with more rectangular platy jointing. 
3 
2 
1 
A 
4 
2: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric lava  . Plagioclase with subordinate 
pyroxenes and opaque oxides constitute the unit. 
Vesicles increase in abundance up section and are 
generally infilled with clay, calcite and secondary 
quartz. Vesicles are consistently large (~8mm). The 
flow base is undisrupted, microcrystalline, glassy, 
very thin (<1m) and only observed in float.  
1: Dark red-brown, melanocratic, fine grained, 
aphyric lava fining towards its flow top. Most of the 
flow core was not exposed but recycled agglomerate 
clasts are seen near the top of the flow core and its 
grain size is also seen to fine upwards. The flow top 
is a volcanic agglomerate with clasts either 
vesiculated lava (dominant) or microcrystalline 
massive lava hosted in a glassy microcrystalline 
groundmass. Vesicles are consistently poorly 
shaped, very small (<3mm) and commonly clay 
infilled.. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Burns Creek 2 Stratigraphic Section 
B: Very poorly sorted, sub angular, medium 
grained volcaniclastic sandstone. Pebble size clasts  
are common. Lava clasts are hosted in an ash and 
quartz rich muddy sand and appear to make up to 
30% of the rock. 
 
2 
1 A: Dark red-brown, melanocratic, medium 
grained, aphyric lava  . Plagioclase with 
subordinate amounts of pyroxene and opaque 
minerals constitute the unit. The flow core is 
massive and has an increasing vesicle content 
towards the flow top. The flow top is a dark grey–
orange colour, moderately vesiculated (20%), 
microcrystalline and strongly weathered. Vesicles 
are generally well rounded, infilled with clay, 
calcite and secondary quartz and average 5mm in 
diameter. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1: Purple Brown Brecciated Lava Flow top. The 
brecciated flow top is composed of vesiculated 
and massive clasts with subordinate massive 
microcrystalline clasts. Vesicles in the clasts are 
very poorly shaped and small (<3mm).  
2: Sub-rounded, well sorted, planar bedded Lithic 
Arkose.  
3: Well rounded, well sorted, planar bedded 
Quartzarenite 
4: Dark red-brown, melanocratic, fine grained, 
aphyric lava fining towards its flow top. Most of 
the flow core was not exposed but recycled flow 
top clasts are observed near the top of the core. 
The flow top is brecciated with clasts either 
vesiculated lava (dominant) or microcrystalline 
massive lava hosted in a glassy microcrystalline 
groundmass. Vesicles are consistently poorly 
shaped, very small (<3mm) and commonly clay 
infilled.  
5: Peperite composed of chilled microcrystalline 
lava clasts in a quartzarenite matrix. Clasts are 
irregular as well as blocky in shape and their 
content is seen to increase up section. No 
variation in sand content or clast size is seen up 
section. 
Burns Creek 3 Stratigraphic Section 
3 
 2 
1 
4 
5 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1: Dark Red-Brown, melanocratic, medium to coarse 
grained, aphyric lava. Grain size becomes finer towards the 
flow top. Plagioclase with subordinate pyroxene and 
opaque oxides constitute the units core. The flow top is pale 
grey, moderately vesiculated (25%), microcrystalline and 
strongly weathered. Vesicles are generally infilled with clay, 
calcite and secondary quartz.  
2 
1 
3 
6 
7 
Burns Creek 4 Stratigraphic Section 
2-7: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric compound lava flows. They are comprised 
of plagioclase with subordinate pyroxene and opaque 
oxides. Their flow cores are characterised by pervasive 
rounded jointing. Rare vesicles are sometimes observed and 
are more commonly seen towards the flow top. The flow 
tops are a dark grey colour, moderately vesiculated (20-
30%), microcrystalline and heavily weathered. Vesicles are 
approximately 8mm in diameter and are generally infilled 
with clay, calcite and secondary quartz. Flow bases when 
observed are smooth and undisrupted, microcrystalline, 
glassy, very thin (<1m).  
5 
4 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2: Headleys Limestone – comprised of massive, 
stromatolitic and debris limestone. 
2 
1 
1: Dark red-brown, melanocratic, medium to 
coarse grained, aphyric lava. The flow core fines 
up section. The flow core is comprised of 
plagioclase with subordinate pyroxene and 
opaque oxides. The flow top is a dark grey colour, 
moderately vesiculated (20%), microcrystalline 
and strongly weathered. Vesicles are generally 
infilled with clay, calcite and secondary quartz and 
are approximately 7mm in diameter.  
Flat Range Stratigraphic Section 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1: Purple brown Brecciated Lava Flow top. It is 
composed of vesiculated clasts with subordinate 
massive microcrystalline clasts. Vesicles in the 
clasts are very poorly shaped and small (<3mm). 
2: Dark red-brown, melanocratic, medium to 
coarse grained, aphyric lava fining towards its 
peripheries. The flow top is a dark grey colour, 
moderately vesiculated (20%), microcrystalline 
and strongly weathered. Vesicles are generally 
infilled with clay, calcite and secondary quartz are 
are approximately 7mm in diameter. The flow 
base is only seen in float and is microcrystalline, 
glassy and very thin (<2m). 
 
3: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava fining towards its 
peripheries. The flow core is massive containing 
very coarse grained blebs in its centre and near its 
base and vesicle pods/clusters near the top. The 
flow top is brecciated with clasts of predominantly 
vesiculated lava with subordinate microcrystalline 
massive lava in a glassy microcrystalline 
groundmass. Vesicles are consistently small 
(<3mm), poorly shaped and commonly clay 
infilled. The flow base is undisrupted, 
microcrystalline, very thin (<2m) and outcrops 
very rarely. 
2 
1 
3 
Mount Duncan 1 Stratigraphic Section 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mount Duncan 2 Stratigraphic Section 
2 
3 
4 
5 
7 
6 
1: Orange brown moderately vesiculated (25%) aphyric lava lava 
flow top. Vesicles average 8mm in diameter and are well rounded. 
2: Dark orange-brown, melanocratic, medium to coarse grained, 
aphyric lava flow core and base. Grain size fines towards the flow 
core peripheries. The flow top has been eroded off. Vesicles are 
rare but do increase in abundance near the top of the exposed 
flow. They are generally infilled with clay, calcite and secondary 
quartz and are approximately 7mm in diameter. The flow base is 
microcrystalline, undisrupted, smooth, glassy, very thin (<1m) and 
outcrops very poorly.  
3: Dark red-brown, melanocratic, fine to medium grained, aphyric 
lava fining towards its peripheries. The flow core is massive, 
containing very poorly developed columnar jointing as well as very 
coarse grained blebs near its base. Vesicle pods/clusters 
predominate near the top of the flow core. The flow top is 
brecciated with clasts of predominantly vesiculated lava with 
subordinate microcrystalline massive lava in a glassy 
microcrystalline groundmass. Vesicles are consistently poorly 
shaped and commonly clay infilled. The flow base is outcrops only 
in float, is microcrystalline, glassy and very thin (<2m). Grain size 
increases up section into the flow core. 
4: Dark red-brown, melanocratic, medium grained, aphyric lava 
fining towards its peripheries. The flow core is relatively thin. The 
flow top is a dark grey colour, moderately vesiculated (25%), 
microcrystalline and strongly weathered. Vesicles are generally 
infilled with clay, calcite and secondary quartz. All vesicles are 
spherical and average 8mm in diameter with some reaching upto 
2cm. The flow base was very thin, microcrystalline, glassy and 
outcropped only as float. 
5: Dark red-brown, melanocratic, medium grained, aphyric lava 
fining towards its peripheries. The flow core is relatively thin and 
poorly exposed. The flow top is a dark grey colour, moderately 
vesiculated (25%), microcrystalline and strongly weathered. 
Vesicles are generally infilled with clay, calcite and secondary 
quartz. All vesicles are spherical and average 9mm in diameter 
reaching upto 2cm.  
6: Dark green, melanocratic, coarse – very coarse grained, aphyric 
lava fining towards its peripheries. The flow top is relatively thin, is 
a black colour, heavily vesiculated (30%), microcrystalline and 
heavily weathered. Vesicles are generally infilled with clay, calcite 
and secondary quartz. All vesicles are spherical and average 6mm in 
diameter. The flow base is smooth, undisrupted, thin (<1m), 
microcrystalline, glassy and outcropped poorly. Grain size from the 
flow base gradually transitions into the flow core. 
7: Dark red-brown, melanocratic, medium-coarse grained, aphyric 
lava flow core fining towards the flow base which is thin (<2m) 
outcrops poorly, undisrupted, smooth, glassy and microcrystalline. 
1 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mount Duncan 3 Stratigraphic Section 
2: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava fining towards its 
peripheries. The flow core is massive, containing 
very coarse grained blebs towards the base of the 
flow core and vesicle pods/clusters near the top. 
The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate 
microcrystalline massive lava in a glassy 
microcrystalline groundmass. Vesicles are 
consistently small (<3mm) and poorly shaped and 
commonly clay infilled. The flow base is 
microcrystalline, very thin (<2m) and is seen only 
in float. 
1: Purple brown Brecciated Lava Flow top. It is 
composed of vesiculated clasts with subordinate 
massive microcrystalline clasts hosted in a 
microcrystalline glassy groundmass. Vesicles in the 
clasts are very poorly shaped and small (<3mm). 
 
2 
1 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1: Orange brown heavily vesiculated (30%) lava flow top. 
Vesicles average 6mm in diameter. Some vesicle 
zoning/layering can be observed in the upper part of the 
flow top with minor variations in vesicle abundance 
notable. 
2 
1 
3 
2: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric lava  . The flow core is massive with 
poorly formed columnar jointing at its base. The flow 
top is a dark grey colour, heavily vesiculated (30%), 
microcrystalline and strongly weathered. A pod of very 
weakly vesiculated  microcrystalline glassy material can 
be observed within the flow top. Vesiculation is less 
intense above the pod (25%). Vesicles are generally 
infilled with clay, calcite and secondary quartz. The flow 
base is smooth, largely undisrupted, microcrystalline, 
thin (<3m), and contains thin localised brecciation films. 
3: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric lava flow core fining towards the flow 
base. The flow core is massive throughout. The flow 
base is smooth and undisrupted, microcrystalline, glassy, 
thin (<3m), and outcrops poorly. Grain size gradually 
increases from the base into the flow core. 
Mount Duncan 4 Stratigraphic Section 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 1 Stratigraphic Section 
2 
1 
1: Reddish brown medium grained Aeolian 
Quartzarenite sandstone. Possible dunes were 
observed however poor outcrop made definite 
identification impossible. 
2: Dark Red-Brown, melanocratic, fine to medium 
grained, aphyric lava  . The flow core is massive, 
containing very poorly developed columnar jointing 
towards its base. Very coarse grained blebs are 
common towards the base of the flow core and 
vesicle pods/clusters predominate near the top. The 
flow top is brecciated with clasts of predominantly 
vesiculated lava with subordinate microcrystalline 
massive lava enclosed in a glassy microcrystalline 
groundmass. Vesicles are consistently small (<3mm) 
poorly shaped and commonly clay infilled. The flow 
base is undisrupted, smooth, microcrystalline, very 
thin (<2m) and outcrops very poorly. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 2 Stratigraphic Section 
E: Unit E comprises at least two dark red-brown, 
melanocratic, medium to coarse grained, aphyric 
compound lavas. The flow core is characterised by 
pervasive rounded jointing. Rare vesicles are 
sometimes observed and are more commonly seen 
towards the flow top. In one flow no flow top is 
observed but vesiculation is seen to increase near 
the top of the flow core. The contact with the 
overlying flow looks sharp and it appears that the 
flow top was probably very thin or did not develop 
in these lavas. The upper compound lava has a flow 
top that is a dark grey colour, moderately-heavily 
vesiculated (30%), microcrystalline and heavily 
weathered. Vesicles are rounded, average ~8mm in 
diameter and are generally infilled with clay, calcite 
and secondary quartz. The flow bases are 
undisrupted, smooth, microcrystalline, very thin 
(<1m) and outcrop very rarely. 
C: Dark Red-Brown, melanocratic, fine to medium 
grained, aphyric lava  . The flow core is massive, 
containing very poorly developed columnar jointing 
towards its base. Very coarse grained blebs are 
common in the centre  and based of the flow core 
and recycled flow top clasts can sometimes be seen 
near the top. The flow top is brecciated with clasts 
of predominantly vesiculated lava with subordinate 
microcrystalline massive lava in a highly altered 
glassy microcrystalline groundmass. A thin 
microcrystalline ‘pod’ of lava is present near the 
centre of the flow top and probably represents a 
squeeze out. Vesicles are consistently poorly 
shaped, small (<3mm) and commonly clay infilled. 
The flow base is not observed. 
 
C 
E 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C 
E 
Newry 3 Stratigraphic Section 
E: Unit E comprises two dark red-brown, 
melanocratic, medium to coarse grained, aphyric 
compound lavas. The flow core is characterised by 
pervasive rounded jointing. Rare vesicles are 
sometimes observed and are more commonly seen 
towards the flow top. The flow tops are a dark grey 
colour, moderately-heavily vesiculated (25-30%), 
microcrystalline and heavily weathered. Vesicles are 
generally infilled with clay, calcite and secondary 
quartz. The flow bases are undisrupted, smooth, 
microcrystalline, very thin (<1m) and outcrop very 
rarely. 
C: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava. The flow core is massive, 
containing very poorly developed columnar jointing 
towards the sections base. Very coarse grained 
blebs are common in the centre and towards the 
base of the flow core and recycled flow top clasts 
predominate near the top. The flow top is 
brecciated with clasts of predominantly vesiculated 
lava with subordinate microcrystalline massive lava 
in a highly altered glassy microcrystalline 
groundmass. A thin microcrystalline ‘pod’ of lava is 
present near the centre of the flow top and 
probably represents a squeeze out. Vesicles are 
consistently poorly shaped, small (<3mm) and 
commonly clay infilled.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 4 Stratigraphic Section 
C: Dark red-brown, melanocratic, fine to medium grained, 
aphyric lava. The flow core is massive, containing very 
poorly developed columnar jointing towards its base. 
Very coarse grained blebs are common near the base of 
the exposed flow core and recycled flow top clasts 
predominate near the top of the core. The flow top is 
brecciated with clasts of predominantly vesiculated lava 
with subordinate microcrystalline massive lava in a highly 
altered glassy microcrystalline groundmass. Vesicles are 
consistently poorly shaped, small (<3mm) and commonly 
clay infilled.  
E: A series of dark red-brown, melanocratic, medium to 
coarse grained, aphyric compound lavas. The flow core is 
characterised by pervasive rounded jointing. Rare vesicles 
are sometimes observed and are more commonly seen 
towards the flow top. The flow top is a dark grey colour, 
moderately vesiculated (25%), microcrystalline and 
heavily weathered. Vesicles are generally infilled with 
clay, calcite and secondary quartz. The flow base is glassy, 
microcrystalline, very thin (<1m) and outcrops only as 
float.  
C 
H 
E 
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is massive. 
The flow base is undisrupted, thin (<2m) and is pervaded 
by well developed horizontal platy cooling joints that are 
more rectangular at the base becoming more swaley up 
section.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 5 Stratigraphic Section 
C: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava. The flow core is massive with 
recycled flow top clasts seen it its upper portions. The 
flow top is brecciated with clasts of predominantly 
vesiculated lava with subordinate microcrystalline 
massive lava hosted in a highly altered glassy 
microcrystalline groundmass. A thin ‘pod’ of 
microcrystalline glassy aphyric lava is present within the 
flow top and probably represents a squeeze out. Vesicles 
within the flow top and upper flow core are consistently 
poorly shaped, small (<3mm) and commonly clay infilled.  
E: Unit E comprises a compound stack of dark red-
brown, melanocratic, medium to coarse grained, aphyric 
lavas. The flow cores are characterised by pervasive 
rounded jointing. Rare vesicles are sometimes observed 
and are more commonly seen towards the flow top. The 
flow tops are a dark grey colour, moderately vesiculated 
(25%), microcrystalline and heavily weathered. Vesicles 
are generally infilled with clay, calcite and secondary 
quartz. The flow base is microcrystalline, very thin (<1m) 
and outcrops very rarely. The upper portion of the stack 
is not observed. 
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is massive. 
The flow top is thin and moderately vesiculated (15%) 
with vesicles large and tailed. The vesicles are set in a 
microcrystalline glassy groundmass. Vesicles are 
consistently infilled with secondary quartz and clays. The 
flow base is undisrupted, thin and is pervaded by well 
developed horizontal platy cooling joints that are more 
rectangular at the base becoming more swaley up 
section along with grain size. 
I: Orange brown, melanocratic, fine-medium grained 
aphyric lava flow core and base. The flow core is 
massive. The flow base is a peperite composed of chilled 
microcrystalline lava clasts in a quartz wacke. The quartz 
wacke content decreases up section as it transitions into 
the flow core. 
C 
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H 
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Newry 6 Stratigraphic Section 
C: Dark red-brown, melanocratic, fine grained, aphyric 
lava. The flow core is massive, with recycled flow top 
breccia clasts sometimes observed near the top of the 
flow core. The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate 
microcrystalline massive lava held in a highly altered 
glassy microcrystalline groundmass. A thin 
microcrystalline ‘pod’ of lava (<1m) is present within the 
flow top and probably represents a localised squeeze 
out. Vesicles are consistently poorly shaped, small 
(<3mm) and commonly clay infilled.  
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is massive. 
The flow top is thin and moderately vesiculated (10%) 
with vesicles large and tailed. The vesicles are set in a 
microcrystalline glassy groundmass. Vesicles are 
consistently infilled with secondary quartz and clays. The 
flow base is smooth, undisrupted, thin and is pervaded 
by well developed horizontal platy cooling joints that are 
more rectangular than in the core and quickly transition 
to become more swaley up section. Grain size gradually 
increases towards the flow core from both the upper 
and lower peripheries of the flow. 
I: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava flow core and base. The flow core is 
massive, with very coarse grained blebs common in the 
centre. The flow base is Peperite, being composed of 
chilled microcrystalline lava clasts in a quartz wacke 
matrix. Thin siltstone laminations can be made out in 
some part of the wacke matrix as can relict trough cross 
bedding. The sand content decreases up section as the 
Peperite transitions into the flow core. 
E 
C 
H 
I 
D 
 
 
E: Unit E is at least a single, melanocratic, medium to 
coarse grained, aphyric lava. The flow core is 
characterised by pervasive rounded jointing. The flow 
top is a dark grey colour, moderately to heavily 
vesiculated (25%), microcrystalline and heavily 
weathered. Vesicles are generally sphericle, infilled with 
clay, calcite and secondary quartz and average 8mm in 
diameter. The flow base is microcrystalline, very thin 
(<1m) and is seen only in float. Much of Unit E in this 
locality was poorly exposed. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 7 Stratigraphic Section 
C 
B 
C 
E 
D 
I: Pepperite composed of chilled microcrystalline lava 
clasts in a quartz wacke.  
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava fining towards its 
peripheries. The flow core is massive. The flow top is 
thin and moderately vesiculated (15%) with vesicles 
large and tailed. The vesicles are set in a 
microcrystalline glassy groundmass. Vesicles are 
consistently infilled with secondary quartz and clays. 
The flow base is thin and undisrupted and is 
pervaded by well developed horizontal platy cooling 
joints that are more rectangular at the base 
becoming more swaley up section. 
E: Unit E is a series of dark red-brown, melanocratic, 
medium to coarse grained, aphyric compound lavas. 
The flow cores are characterised by pervasive 
rounded jointing. Rare vesicles are sometimes 
observed and are more commonly seen towards the 
flow top. Sometimes no flow top is observed but 
vesiculation is seen to increase near the top of the 
flow core. In these cases the contact with the 
overlying flow looks sharp and it appears that the 
flow top was probably very thin or did not develop in 
these lavas. The flow tops, when present, are a dark 
grey colour, moderately-heavily vesiculated (20-
30%), microcrystalline and heavily weathered. 
Vesicles are generally infilled with clay, calcite and 
secondary quartz. The flow bases are undisrupted, 
smooth, microcrystalline, very thin (<1m) and 
outcrop very rarely. 
B: Dark red-brown, melanocratic, fine grained, 
aphyric lava core and top. The flow core is massive, 
with recycled flow top breccia clasts occasionally 
visible at the top of the flow core. The centre and 
lower portions of the flow core are not observed. 
The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate 
microcrystalline massive lava hosted in a highly 
altered glassy microcrystalline groundmass. Vesicles 
are consistently poorly shaped, small (<3mm) and 
commonly clay infilled.  
C: Dark red-brown, melanocratic, fine grained, 
aphyric lava. The flow core is massive, with recycled 
flow top breccia clasts sometimes seen at the top of 
the flow core. The flow top is brecciated with clasts 
of predominantly vesiculated lava with subordinate 
microcrystalline massive lava hosted in a highly 
altered glassy microcrystalline groundmass. Vesicles 
are consistently poorly shaped, small (<3mm) and 
commonly clay infilled. 
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H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is 
massive. The flow top is thin and moderately 
vesiculated (15%) with vesicles large and tailed. The 
vesicles are set in a microcrystalline glassy groundmass. 
Vesicles are consistently infilled with secondary quartz 
and clays. The flow base is undisrupted, thin (<1m) and 
is pervaded by well developed horizontal platy cooling 
joints that are more rectangular at the base becoming 
more swaley up section as the grain size coarsens. 
E: Undifferentiated red-brown, melanocratic, medium 
to coarse grained, aphyric compound lavas. Their flow 
cores are characterised by pervasive rounded jointing. 
Rare vesicles are sometimes observed and are more 
commonly seen towards the lava flow tops. The flow 
tops, when present, are a dark grey colour, moderately 
to heavily vesiculated (25-30%), microcrystalline and 
heavily weathered. When flow tops are not present the 
contacts with the overlying lavas are generally sharp 
implying flow tops were thin and quickly eroded or did 
not properly develop. Vesicles are generally infilled 
with clay, calcite and secondary quartz. The flow bases 
are microcrystalline, very thin (<1m) and outcrop 
rarely. 
C: Purple brown brecciated lava flow top. It is 
composed of vesiculated clasts with subordinate 
massive microcrystalline clasts. Vesicles in the clasts 
are very poorly shaped and small (<3mm). 
 
I: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava flow core and base. The flow core 
is massive, with very coarse grained blebs common in 
the centre of the flow core. The flow base is a peperite 
composed of chilled microcrystalline lava clasts in a 
quartz wacke. The sand content can be seen to decrease 
up section transitioning into the flow core. 
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Newry 9 Stratigraphic Section 
I: Dark red-brown, melanocratic, fine grained, aphyric 
lava flow core and base. The flow core is massive. The 
flow base is a peperite composed of chilled 
microcrystalline lava clasts in a quartz wacke. Thin mud 
laminations can be seen. Relict trough cross bedding can 
also be made out in some of the sandstone material. It 
gradually transitions into the flow core with decreasing 
sand content 
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is massive. 
The flow top is thin and moderately vesiculated (15%) 
with vesicles large and tailed. The vesicles are set in a 
microcrystalline glassy groundmass. Vesicles are 
consistently infilled with secondary quartz and clays. 
The flow base is undisrupted, thin and is pervaded by 
well developed horizontal platy cooling joints that are 
more rectangular at the base becoming more swaley up 
section with increasing grain size. 
E: Unit E is a series of dark red-brown, melanocratic, 
medium to coarse grained, aphyric compound lavas. The 
flow core is characterised by pervasive rounded jointing. 
Rare vesicles are sometimes observed and are more 
commonly seen towards the flow top. The flow tops are 
a dark grey colour, moderately-heavily vesiculated (25-
30%), microcrystalline and heavily weathered. Vesicles 
are generally infilled with clay, calcite and secondary 
quartz. The flow bases are undisrupted, smooth, 
microcrystalline, very thin (<1m) and outcrop very 
rarely. 
C: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava. The flow core is massive, with 
recycled flow top clasts observed just beneath the flow 
top. The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate 
microcrystalline massive lava in a highly altered glassy 
microcrystalline groundmass. Vesicles are consistently 
poorly shaped, small (3-4mm) and commonly clay 
infilled.  
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B: Purple brown brecciated lava flow top. It is composed of 
vesiculated clasts with subordinate massive microcrystalline 
clasts. Vesicles in the clasts are very poorly shaped and small 
(<3mm). 
 
E: Unit E comprises two dark red-brown, melanocratic, medium 
to coarse grained, aphyric compound lavas. The flow cores are 
characterised by pervasive rounded jointing. Rare vesicles are 
sometimes observed and are more commonly seen towards the 
flow top. The flow tops are a dark grey colour, moderately 
vesiculated (25%), microcrystalline and heavily weathered. 
Vesicles are generally infilled with clay, calcite and secondary 
quartz. The flow base is microcrystalline, very thin (<1m) and very 
rarely outcrops. 
 
G: Dark red-brown, melanocratic, medium to coarse grained, 
aphyric lava. The flow core is massive. The flow top is a dark grey 
colour, heavily vesiculated (30%), microcrystalline and strongly 
weathered. Vesicles are generally infilled with clay, calcite and 
secondary quartz. The flow base is smooth, undisrupted, 
microcrystalline, very thin (<2m) and outcrops very poorly. The 
flow base transitions into the flow core with increasing grain size. 
 
I: Dark red-brown, melanocratic, fine to medium grained, aphyric 
lava. The flow core is massive, containing very poorly developed 
columnar jointing towards its base. Very coarse grained blebs are 
also common near the base of the flow core and recycled flow top 
clasts are observed immediately beneath the flow top. The flow 
top is brecciated with clasts of predominantly vesiculated lava 
with subordinate microcrystalline massive lava in a highly altered 
glassy microcrystalline groundmass. Vesicles are consistently 
poorly shaped, small (<3mm) and commonly clay infilled. The flow 
base is microcrystalline, glassy, very thin (<2m) and outcrops only 
as float. Grain size coarsens upward from the flow base towards 
the centre of the flow core. 
 
J: Peperite composed of chilled microcrystalline lava clasts in a 
quartzarenite matrix. Clasts are irregular as well as blocky in 
shape. No variation in sand content or clast size is seen up 
section. 
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Newry 11 Stratigraphic Section 
B: Purple brown brecciated lava flow top. It is 
composed of vesiculated clasts with subordinate 
massive microcrystalline clasts. Vesicles in the clasts 
are very poorly shaped and small (<3mm). 
E: Unit E is a series of dark red-brown, melanocratic, 
medium to coarse grained, aphyric lavas. The flow 
core is characterised by pervasive rounded jointing. 
Rare vesicles are sometimes observed and are more 
commonly seen towards the flow top. The flow tops 
are dark grey in colour, moderately-heavily 
vesiculated (25-30%), microcrystalline and heavily 
weathered. Vesicles are generally infilled with clay, 
calcite and secondary quartz. The flow bases are 
microcrystalline, very thin (<1m) and usually are only 
seen as float. 
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is 
massive. The flow top is thin and moderately 
vesiculated (10%) with vesicles large and tailed. The 
vesicles are set in a microcrystalline glassy 
groundmass. Vesicles are consistently infilled with 
secondary quartz and clays. The flow base is 
undisrupted, thin, with well developed horizontal 
platy cooling joints that are more rectangular and 
become more swaley as the base transitions into the 
core. 
I: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava flow core and base. The flow 
core is massive, with very coarse grained blebs 
common in the centre and lower portions of the flow 
core. No flow top is observed. The flow base is 
peperite composed of chilled microcrystalline lava 
clasts in a quartz wacke. The sand content decreases 
up section as the peperite transitions into the 
overlying flow core. 
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B: Purple brown brecciated lava flow top. It is composed 
of vesiculated clasts with subordinate massive 
microcrystalline clasts set in a microcrystalline glassy 
groundmass. Vesicles in the clasts are very poorly 
shaped and small (<3mm). 
E: Unit E is a series of dark red-brown, melanocratic, 
medium to coarse grained, aphyric compound lavas. 
Their flow cores are characterised by pervasive rounded 
jointing. Rare vesicles are sometimes observed and are 
more commonly seen towards the flow top. The flow 
tops are a dark grey colour, moderately to heavily 
vesiculated (25-30%), microcrystalline and heavily 
weathered. Vesicles are generally infilled with clay, 
calcite and secondary quartz. The flow bases are 
microcrystalline, glassy, very thin (<1m) and are seen 
only as float.  
 
H: Orange Brown, melanocratic, medium grained 
plagioclase phyric lava. The flow core is massive. No 
flow top is observed. Well developed sub-vertical platy 
cooling joints are pervasive throughout the entire unit. 
No flow top was observed.  The flow base was only seen 
in float and was fine grained. 
I: Dark red-brown, melanocratic, fine to medium 
grained, aphyric. The flow core is massive, containing 
very poorly developed columnar jointing towards its 
base. Very coarse grained blebs are common near the 
base of the flow core and recycled flow top clasts seen 
immediately beneath the flow top. The flow top is 
brecciated with clasts of predominantly vesiculated lava 
with subordinate microcrystalline massive lava in a 
highly altered glassy microcrystalline groundmass. 
Vesicles are consistently poorly shaped, small (<3mm) 
and commonly clay infilled. The flow base is a peperite 
composed of chilled microcrystalline lava clasts in a 
quartz wacke. The sand content is seen to decrease 
upsection until the Peperite transitions into the flow 
core. 
 
J: Peperite composed of chilled microcrystalline lava 
clasts in a quartzarenite matrix. Clasts are irregular as 
well as blocky in shape. Sand content is seen to 
gradually decrease up section. 
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Newry 13 Stratigraphic Section 
J: Peperite composed of chilled microcrystalline lava clasts 
in a quartzarenite matrix. Clasts are irregular as well as 
blocky in shape. Sand content is seen to weakly decrease 
up section. 
 
I: Dark red-brown, melanocratic, fine to medium grained, 
aphyric lava. The flow core is massive, containing very 
poorly developed columnar jointing towards its base. Very 
coarse grained blebs are common near the base of the 
flow core and recycled flow top clasts are occasionally 
seen near the top of the core. The flow top is brecciated 
with clasts of predominantly vesiculated lava with 
subordinate microcrystalline massive lava in a highly 
altered glassy microcrystalline groundmass. A thin laterally 
in-extensive pod of microcrystalline glassy material is 
observed within the flow top and likely represents a 
squeeze out structure. Vesicles are consistently poorly 
shaped, small (<3mm) and commonly clay infilled. The flow 
base is a peperite composed of chilled microcrystalline lava 
clasts in a quartz wacke. Rare very thin mudstone 
laminations can be observed in some parts of the 
sandstone. The lava clasts can be seen to become more 
abundant upsection and merge into the flow core.  
E: Undifferentiated red-brown, melanocratic, medium to 
coarse grained, aphyric compound lavas. Their flow cores 
are characterised by pervasive rounded jointing. Rare 
vesicles are sometimes observed and are more commonly 
seen towards their flow tops. The flow tops, are a dark 
grey colour, moderately to heavily vesiculated (25-30%), 
microcrystalline and heavily weathered. Vesicles are 
generally infilled with clay, calcite and secondary quartz. 
The flow bases are microcrystalline, very thin (<1m) and 
are usually seen only in float. 
H: Orange brown, melanocratic, medium grained 
plagioclase phyric lava. The flow core is massive. Well-
developed sub-vertical platy cooling joints are pervasive 
throughout the entire unit. The flow base is observed over 
the first metre of the unit in float and is finer grained and 
more altered than further up section.  
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Newry 14 Stratigraphic Section 
E: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric compound lava. The flow core is 
characterised by pervasive rounded jointing. Rare 
vesicles are sometimes observed and are more 
commonly seen towards the flow top. The flow top is a 
dark grey colour, heavily vesiculated (30%), 
microcrystalline and heavily weathered. Vesicles are 
generally infilled with clay, calcite and secondary quartz. 
They range from 5-10mm In diameter and are generally 
spherical. 
F: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric lava . The flow top has been eroded 
away but minor vesiculation near the top of the 
exposed flow core implies it was likely not far above the 
present top surface. Vesicles are generally infilled with 
clay, calcite and secondary quartz. The flow base is 
undisrupted, smooth, microcrystalline, glassy, thin 
(<2m) and outcrops relatively well compared to other 
flows. 
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is massive. 
The flow top is thin and moderately vesiculated (15%) 
with vesicles large and sometimes tailed. The vesicles 
are set in a microcrystalline glassy groundmass. Vesicles 
are consistently infilled with secondary quartz and clays. 
The flow base is thin, undisrupted, and is pervaded by 
well developed horizontal platy cooling joints that are 
more rectangular at the base becoming more swaley up 
section as the base transitions into the flow core. 
I: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava flow core and base. The flow core 
is massive, with very coarse grained blebs and columnar 
jointing common towards its base. The flow base is a 
peperite composed of chilled microcrystalline lava clasts 
in a quartz wacke. The clast content of the peperite 
increases up section transitioning into the flow core. 
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Newry 15 Stratigraphic Section 
I: Dark red-brown, melanocratic, fine to medium grained, aphyric 
lava flow core and base. The flow core is massive, with very coarse 
grained blebs and columnar jointing observed near the base of the 
flow. In the upper part of the flow core recycled clasts can be 
observed. The flow base is a Peperite composed of chilled 
microcrystalline lava clasts in a quartz wacke. Thin mudstone 
laminations can be seen in some portions of the sandstone. The 
lava clast content gradually increases up section eventually 
becoming competent lava flow core. 
 
H: Orange brown, melanocratic, medium to coarse grained 
plagioclase phyric lava  . The flow core is massive. The flow top is 
thin and moderately vesiculated (15%) with vesicles large and 
tailed. The vesicles are set in a microcrystalline glassy groundmass. 
Vesicles are consistently infilled with secondary quartz and clays. 
The flow base is thin (~1-2m) smooth, undisrupted, with platy 
jointing. The platy jointing is rectangular near the base and 
becomes more swaley up section as it transitions into the flow 
core.  
 E: Undifferentiated red-brown, melanocratic, medium to coarse 
grained, aphyric compound lavas. Due to very poor outcrop 
individual compound flows could not be differentiated. Their flow 
cores are characterised by pervasive rounded jointing and flow 
tops where observed are moderately to heavily vesiculated with 
large (5-10mm) rounded vesicles.  
 
C: Dark red-brown, melanocratic, fine to medium grained, aphyric 
lava. The flow core is massive, and recycled lava flow top clasts can 
be seen near its top. The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate microcrystalline 
massive lava hosted in a highly altered glassy microcrystalline 
groundmass. Vesicles are consistently poorly shaped, small 
(<3mm) and commonly clay infilled. The flow base is smooth, 
undisrupted, thin (~1m), glassy, microcrystalline and outcrops 
rarely and is heavily altered. 
 
A: Dark red-brown, melanocratic, medium to coarse grained, 
aphyric lava. Its flow core is seen only in float. Rare vesicles are 
sometimes observed and are more commonly seen towards the 
flow top. The flow top is a dark grey colour, heavily vesiculated 
(30%), microcrystalline and heavily weathered. Vesicles are 
generally infilled with clay, calcite and secondary quartz.  
 
B 
A 
E 
H 
I 
C 
B: Dark red-brown, melanocratic, fine grained, aphyric lava. The 
flow core is massive, and recycled lava flow top clasts can be seen 
near its top. The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate microcrystalline 
massive lava hosted in a highly altered glassy microcrystalline 
groundmass. Vesicles are consistently poorly shaped, small 
(<3mm) and commonly clay infilled. The flow base is smooth, 
undisrupted, thin (~1m), glassy, microcrystalline and is seen only in 
float. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 16 Stratigraphic Section 
B: Dark red-brown, melanocratic, fine grained, aphyric 
lava. The flow core is massive, and can be seen to contain 
recycled flow top clasts in its upper portions. The flow top 
is brecciated with clasts of predominantly vesiculated lava 
with subordinate microcrystalline massive lava in a highly 
altered glassy microcrystalline groundmass. Vesicles are 
consistently poorly shaped, small (<3mm) and commonly 
clay infilled.  
D: Dark red-brown, melanocratic, medium to coarse 
grained, aphyric lava. The flow top has been eroded away 
but minor vesiculation near the top of the exposed flow 
core implies it was likely not far above the present upper 
surface. Vesicles are generally infilled with clay, calcite 
and secondary quartz. The flow base is microcrystalline, 
thin (<2m) and is seen only in float. 
H: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is massive. 
The flow top is thin and moderately vesiculated (15%) 
with vesicles large and tailed. The vesicles are set in a 
microcrystalline glassy groundmass. Vesicles are 
consistently infilled with secondary quartz and clays. The 
flow base is thin, platy jointed and quickly transitions into 
the flow core. 
I: Dark red-brown, melanocratic, fine to medium grained, 
aphyric lava. The flow core is massive, with very coarse 
grained blebs common near the centre of the flow core. 
The flow top is brecciated with clasts of predominantly 
vesiculated lava with subordinate microcrystalline 
massive lava in a highly altered glassy microcrystalline 
groundmass. A thin (~3m) pod of microcrystalline glassy 
material is observed within the brecciated flow top. It 
extends about 50m laterally before pinching out into the 
flow top. Within the flow top, vesicles are consistently 
poorly shaped, small (<3mm) and commonly clay infilled. 
Recycled brecciated clasts from the flow top are seen in 
the upper component of the flow core. The flow base is 
comprised of a peperite with clasts of microcrystalline 
lava within a quartz wacke sand. Quartz wacke content 
decreases up section into the flow core. 
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C: Dark red-brown, melanocratic, fine grained, aphyric 
lava. The flow core is massive, containing very poorly 
developed columnar jointing towards its base. Very 
coarse grained blebs are common near the base and in 
the centre of the flow core and recycled flow top clasts 
are common near the top of the flow core. The flow top is 
brecciated with clasts of predominantly vesiculated lava 
with subordinate microcrystalline massive lava in a highly 
altered glassy microcrystalline groundmass. Vesicles are 
consistently poorly shaped, small (<3mm) and commonly 
clay infilled.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Newry 17 Stratigraphic Section 
6: Dark red-brown, melanocratic, fine to medium 
grained, aphyric lava. The flow core is mostly covered 
throughout the section however when seen is 
massive with what appear to be recycled vesiculated 
lava clasts near the top of the exposure. The flow 
base is a  peperite, with chilled microcrystalline lava 
clasts hosted in a quartzarenite matrix. The sand 
content decreases upsection before being covered @ 
~286-308m. 
 
4: Orange brown, melanocratic, medium to coarse 
grained plagioclase phyric lava. The flow core is 
massive. The flow top is thin and moderately 
vesiculated (15%) with vesicles large and tailed. The 
vesicles are set in a microcrystalline glassy 
groundmass. Vesicles are consistently infilled with 
secondary quartz and clays. The flow base is smooth, 
and undisrupted, with platy jointing that is 
rectangular and becomes more swaley up section. 
 
 
3: Grey-black, melanocratic, heavily vesiculated lava 
flow top. The flow core is not exposed. The vesicles 
are set in a microcrystalline glassy groundmass. 
Vesicles are spherical, large (~8mm) and commonly 
infilled with clay or secondary quartz.  
 
 
2: Grey-black, melanocratic, heavily vesiculated lava 
flow top. The flow core is not exposed. The vesicles 
are set in a microcrystalline glassy groundmass. 
Vesicles are spherical, large (~8mm) and commonly 
infilled with clay or secondary quartz.  
 
 
1: Dark red-brown, melanocratic, fine grained, 
aphyric lava. The flow core is massive, with what 
appear to be recycled clasts observable near its top. 
The flow top is brecciated with clasts of 
predominantly vesiculated lava with subordinate 
microcrystalline massive lava in a highly altered 
glassy microcrystalline groundmass. Vesicles are 
consistently poorly shaped, small (<3mm) and 
commonly clay infilled. 
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Outcrop photos can be found in: 
D:\Masters Thesis\Appendices\Outcrop Photos 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Appendix 3 
Thin Section Descriptions and Photos 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Lava 
Type 
Map 
Unit 
Section/ 
Unit 
Texture Grain Size Groundmass Phenocrysts/Microphenocrysts 
% Assemblage % Assemblage 
Flow Cores       Plag Cpx Opx VG Opaques Qtz  Plag Cpx Opaques 
M001 2 B N/A Intersertal Fine-Medium 91 66 12 10 4 0 0 1/8 1 0 8 
M002 4 E N/A Intersertal Medium-Coarse 99 65 10 7 11 6 0 <1 Tr 0 0 
M004 4 E N/A Intersertal Fine 93 60 10 9 12 0 2 <1/6 Tr 0 6 
M006 4 E N/A Intersertal Medium-Coarse 99 53 9 6 26 5 0 <1 1 0 0 
M008 4 E N/A Intersertal Medium-Coarse 99 63 10 7 13 6 0 <1 1 0 0 
M009 2 I N/A Intersertal Very fine 93 62 10 8 12 0 1 1/6 1 0 6 
M013 4 E N/A Intersertal Medium 99 59 12 10 10 6 0 <1 1 0 0 
M014 2 B N/A Intersertal Fine 93 64 10 9 9 0 1 <1/6 Tr 0 6 
M015 2 E N/A Intersertal Medium-Coarse 99 64 11 8 11 6 0 1 1 0 0 
MD2-003 2 N/A MD2/3 Intersertal Fine 93 55 13 11 14 0 0 <1/6 Tr 0 6 
MD2-004 2 N/A MD2/3 Intersertal Fine 93 64 12 10 7 0 0 1/6 1 0 6 
MD3-003 2 N/A MD3/2 Intersertal Medium-Coarse 92 68 10 9 5 0 0 <1/7 Tr 0 7 
MD4-004 1 N/A MD3/2 Intesertal Coarse 99 66 10 9 8 7 0 <1 1 0 0 
MD4-008 1 N/A MD3/3 Intersertal Fine-Medium 99 51 10 9 24 6 0 1 1 0 0 
MD4-009 1 N/A MD3/3 Intersertal Medium 99 60 11 10 13 6 0 1 1 0 0 
MD4-010 1 N/A MD3/3 Intersertal Coarse 99 64 11 10 9 6 0 <1 1 0 0 
N1-005 2 N/A N1/2 Intersertal Fine-Medium 93 66 12 10 5 0 0 1/7 1 0 6 
N2-001 2 D N2 Intergranular Fine-Medium 92 67 13 11 2 0 0 1/7 1 Tr 7 
N2-002 2 D N2 Intergranular Medium 91 68 13 10 2 0 0 1/8 1 Tr 8 
N2-004 2 D N2 Intersertal Very fine-Fine 92 60 13 11 16 0 0 1/7 1 0 7 
N2-006 2 D N2 Intersertal Very fine 92 52 13 11 24 0 0 1/7 1 0 7 
N2-008 4 E N2 Intersertal Med-Coarse 100 58 10 7 19 6 0 0 0 0 0 
N3-009 4 E N3 Intersertal Medium-Coarse 99 59 10 7 17 6 0 1 1 0 0 
N4-002 2 D N4 Intersertal Fine 93 61 12 10 10 0 0 1/6 1 0 6 
N4-009 3 G N4 Intersertal Medium 92 69 3 1 16 4 0 7 7 Tr 0 
N5-001 2 D N5 Intersertal Fine 92 56 13 11 13 0 0 1/6 1 0 6 
N5-010 2 I N5 Intersertal Fine 92 59 13 11 9 0 0 1/7 1 0 7 
N6-001 2 D N6 Intersertal Medium 92 62 12 10 8 0 0 1/7 1 0 7 
N6-004 4 E N6 Intersertal Coarse 99 62 10 7 17 3 0 1 1 Tr 0 
N6-007 3 G N6 Intersertal Coarse 92 69 3 1 15 3 1 8 8 Tr 0 
N6-011 2 I N6 Intersertal Fine-Medium 91 64 12 10 5 0 0 1/8 1 0 8 
N6-012 2 I N6 Intersertal Fine-Medium 91 63 12 11 5 0 0 1/8 1 0 8 
N7-001 2 B N7 Intersertal Medium 91 52 13 12 15 0 0 1/7 1 0 7 
N7-003 4 E N7 Intersertal Medium-Coarse 99 63 10 7 15 5 0 <1 Tr 0 0 
N7-004 4 E N7 Intersertal Medium-Coarse 99 51 15 13 15 6 0 <1 Tr 0 0 
N7-005 4 E N7 Intersertal Medium-Coarse 99 58 10 7 19 5 0 1 1 0 0 
N7-006 4 E N7 Intersertal Medium 99 63 10 8 13 5 0 1 1 0 0 
N7-007 4 E N7 Intersertal Medium 99 59 10 7 18 5 0 <1 Tr 0 0 
N8-003 4 E N8 Intersertal Coarse 99 60 10 7 17 5 0 1 1 Tr 0 
N8-007 2 I N8 Intersertal Fine 93 65 12 10 6 0 0 1/6 1 0 6 
N9-001 2 B N9 Intersertal Fine-Med 92 62 9 8 14 0 1 1/7 1 0 7 
N9-003 4 E N9 Intersertal Coarse 99 58 10 7 19 5 0 <1 Tr 0 0 
N9-004 4 E N9 Intersertal Med-Coarse 99 59 10 7 18 5 0 <1 Tr 0 0 
N9-005 4 E N9 Intersertal Medium 99 62 10 7 15 5 0 <1 Tr 0 0 
N9-006 4 E N9 Intersertal Medium 99 62 10 7 15 5 0 <1 Tr 0 0 
N9-007 4 E N9 Intersertal Coarse 99 65 10 7 12 5 0 1 1 0 0 
N9-008 3 G N9 Intersertal Medium 93 70 3 1 14 4 1 7 7 0 0 
N10-001 1 F N10 Intersertal Med-Coarse 99 60 10 7 17 5 0 <1 Tr 0 0 
N10-004 2 I N10 Intersertal Fine 92 69 10 8 5 0 1 1/7 1 0 7 
N11-002 4 E N11 Intersertal Med-Coarse 99 64 11 8 9 6 0 1 1 0 0 
N11-003 4 E N11 Intersertal Med-Coarse 99 59 10 7 18 5 0 <1 Tr 0 0 
N11-004 2 J N11 Intergranular Medium 92 68 12 10 3 0 0 1/7 1 0 7 
N12-002 2 I N12 Intersertal Fine 92 67 12 10 5 0 0 1/7 1 0 7 
N12-003 2 I N12 Intersertal Very fine 92 65 12 10 5 0 0 1/7 1 0 7 
N13-001 4 E N13 Intersertal Medium-Coarse 99 64 10 7 13 5 0 1 1 0 0 
N13-002 4 E N13 Intersertal Medium-Coarse 99 63 10 7 14 5 0 <1 Tr 0 0 
N13-003 3 G N13 Intersertal Coarse 93 70 3 1 14 4 1 7 7 0 0 
N13-004 2 I N13 Intersertal Medium 92 64 10 9 9 0 1 1/7 1 0 7 
N14-002 1 C N14 Intersertal Medium-Coarse 99 67 10 7 9 6 0 1 1 Tr 0 
N14-004 2 I N14 Intersertal Fine grained 92 67 11 8 6 0 0 1/7 1 0 7 
N15-001 2 B N15 Intersertal Medium 92 65 9 8 9 0 1 1/7 1 0 7 
N15-002 2 B N15 Intersertal Very fine 92 53 13 11 15 0 0 1/7 1 0 7 
N15-003 4 E N15 Intersertal Medium-Coarse 93 65 10 8 11 5 0 1 1 Tr 0 
N15-005A 2 I N15 Intergranular Medium 92 68 11 9 4 0 1 1/7 1 Tr 7 
N16-001 2 B N16 Intersertal Medium 92 57 12 10 13 0 0 1/7 1 0 7 
N16-002 2 B N16 Intersertal Fine 92 48 12 10 22 0 0 1/7 1 0 7 
N16-004 3 G N16 Intersertal Medium 99 65 3 1 19 4 1 7 7  0 0 
N16-005 2 I N16 Intersertal Very fine 93 52 13 11 17 0 0 1/6 1 0 6 
N16-006 2 I N16 Intersertal Fine 92 65 10 8 9 0 1 1/7 1 0 7 
N17-001 2 N/A N17/1 Intersertal Medium 93 62 10 9 11 0 1 1/6 1 0 6 
N17-006 3 N/A N6/4 Intersertal Coarse 93 68 3 1 16 4 1 7 7 Tr 0 
 
 
 
Flow Tops 
 
 
 
      
 
 
BC 
 
 
 
Plag 
 
 
 
Cpx 
 
 
 
Opaques 
 
 
 
Vesicles 
 
 
 
VG 
  
MD2-005 2 N/A MD2/3 Aphyric Microcrystalline 100 75 5 tr tr 0 20 0 None 
N4-007 4 E N4 Aphyric Microcrystalline 100 0 45 tr 3 25 30 0 None 
 
 
 
         
Very coarse grained blebs     Plag Cpx Opx VG Opaques Hbl   
N1-005 2 N/A N1/2 Intersertal Very Coarse 100 59 12 5 5 10 9 N/A 0 
N8-007 2 I N8/I Intersertal Very Coarse 100 62 11 4 4 11 8 N/A 0 
M001 2 B N/A Intersertal Very Coarse 100 59 11 4 6 11 9 N/A 0 
N15-005B 2 I N15/I Intersertal Very Coarse 100 60 12 4 5 11 8 N/A 0 
          
Peperite       
       BC Q Cpx Opaques   
N9 Peperite 
Lava 
Component 
N/A I N9 Pepperitic Sand – Boulder 100 37 60 2 1 N/A 0 
 
        
Q 
 
Opaques 
 
Lithics 
 
M 
 
Clay 
  
N9 Pepperite 
Sandstone 
Component 
N/A I N9 Laminated Silt – Sand  100 80 2 5 tr 13   
Thin Section photos can be found in: 
D:\Masters Thesis\Appendices\Thin Section Photos 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Appendix 4 
Geochemical Data 
 
 
 
 
 
 
 
 
 
 
 
 
Geochemical data can be found in: 
D:\Masters Thesis\Appendices\Geochemical Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
